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THE ACTIVITY COEFFICIENTS OF HYDROXYL ION IN 
SOLUTIONS OF CALCIUM HYDROXIDE AT 30° C. 


By E. P. Flint and Lansing S. Wells 


ABSTRACT 


Measurements of the electromotive force of the cell, H,;/Ca(OH). (c)|KC 
(saturated) | HgCl+ Hg, at 30°, when potentials due to the liquid junction and 
saturated calomel half cell were eliminated, yielded values of the electromotive 
force of the half cell, H,|Ca(OQH),. (ce). From these values the pH and activity 
coefficients of hydroxyl ion in solutions of calcium hydroxide as a function of 
concentration have been obtained for solutions containing between 0.050 and 
1.199 g CaO per liter. A value of Ky, the dissociation constant of water, at 30° 
was derived from the data. 
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I. INTRODUCTION 


Calcium hydroxide in solution is one of the products of hydrolysis 
from the reaction of water on hydraulic cements and their constitu- 
ents which are principally calcium aluminates and silicates. In a 
previous study ! of calcium aluminates as well as in a current investi- 
gation of the reaction of water upon calcium silicates, the pH of cal- 
cium hydroxide solutions has been found useful in ascertaining the 
constitution of calcium aluminate and silicate solutions when con- 
sidered in relation to their pH and composition. 

_Since the measurements of the pH of the calcium hydroxide solu- 
tions afforded also a means of determining the strength of calcium 
hydroxide as a base, it was decided to present this phase of the 
Investigations as a separate paper. The use in chemical industries 
of about half of this country’s production of lime in processes involving 
such reactions as saponification, hydrolysis, causticization, coagula- 


po and neutralization emphasizes the need for such fundamental 
ata. 


ee 
'L. 8. Wells, Reaction of Water on Calcium Aluminates, B.S. Jour. Research, vol. 1 (R P34), p. 951, 1928. 
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J. A. Wilson ? has called attention to the lack of information upon 
lime solutions and recommends that the data upon barium hydroxide 
be used where none for calcium hydroxide is available. 

The procedure followed in this investigation involved: (1) the meas- 
urement of the emf of the cell— 


H,|Ca(OH), (c)|KCl (saturated)|HgCl+ Hg at 30°, 


(2) the calculation of the liquid junction potentials, and (3) the use of 
a suitable value for the potential of the saturated calomel half cell, 
These quantities determine the potential of the half cell H,|Ca(OH)), (¢) 
from which the pH and activity coefficients, yox—, of calctum hydrox- 
ide solutions at concentrations varying between 0.050 and 1.199 g 
CaO per liter were obtained. A value for the dissociation constant 
of water, K,, at 30° was derived from the data. 


II. DETERMINATION OF THE ELECTROMOTIVE FORCE 
OF THE CELL 


A saturated calcium hydroxide solution was prepared from oxide 
obtained by the ignition of C.P. calcium carbonate and subsequently 
freed from alkalies possibly present by extraction with water. This 
solution was kept in a flask with an attached burette and a suitable 
arrangement of soda-lime tubes to exclude carbon dioxide. 

Dilutions were made with CO,-free water in volumetric flasks and 
their concentrations checked by titration with N/10 HCI standardized 
against a calcium hydroxide solution, the lime content of which had 
— re by precipitation as the oxalate, followed by ignition 
to UaQ. 

Incidentally, attention may be called to the convenience of satu- 
rated calcium hydroxide solution for the standardization of hydro- 
chloric acid of 0.1 N concentration or less. Johnston and Grove‘ 
have shown that the determination of lime in calcium hydroxide 
solutions by titration with standard hydrochloric acid, using methyl 
red indicator, gives results in good agreement with those obtained 
gravimetrically. The advantage of the use of saturated calcium 
hydroxide solution for standardizing hydrochloric acid lies in the fact 
that the original base need not be of a high degree of purity. Due to 
the low solubility of calcium hydroxide, alkalies may easily be ex- 
tracted with water. Investigations here have shown that other 
impurities, such as SiO., Al,O3;, Fe,O;, MgO, etc., which might be 
present in quicklime, are so insoluble in saturated calcium hydroxide 
solution that a very pure solution is easily prepared and its lime 
content determined as specified above. 

Details of the apparatus, including the cell set-up and the ar 
thermostat which maintained a temperature of 30° + 0.05°, have been 
published previously.’ Pt-Pd black electrodes were used in these 
experiments. Twice recrystallized C.P. potassium chloride and 





of : ." am. The Chemistry of Leather Manufacture, The Chemical Catalog Co., New York, N.Y, 
vol. 1, 1928. ; 
3 All temperatures in this work are expressed in the centigrade scale unless otherwise specified. 

‘J. Johnston and ©. Grove, Solubility of Calcium Hydroxide in Aqueous Salt Solutions, J. Am. Chem. 
Sec., vol. 53, p. 3976, 1931. 

5 See footnote 1, p. 161. 
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carefully purified mercury and calomel were used in making up the 
calomel half cell and bridge solution. 

Measurements of emf were made immediately after preparation 
- of the calcium hydroxide solutions. Column 1 of table 1 gives the 
number of the experiment; column 2, the concentration of the solu- 
tions expressed as grams CaO per liter; and column 3, the emf of 
the cell, H,|Ca (OH), (c) | KCl (saturated) | HgCl+ Hg, at 30° as read 
on the potentiometer. It may be noted in column 3 that the emf 



































of is recorded to 5 places for 8 of the cell measurements and to only 4 
1 places for the remainder. The initial measurements made in the 
) range of the more concentrated calcium hydroxide solutions were 
: recorded to tenths of a millivolt. However, the constancy of the 
s readings was such as to justify subsequent readings to hundredths 
; of a millivolt. 
TABLE 1.—Data obtained from measurements on the cell, 
E H,¥:1/Ca(OH).(c)®t/KCl (saturated) ¥:/HgCi+ Hg at 30° 
Total 
| N b ae — E E H You ob- Yor cal- 
e ae Ca(OH): ine = : Pp served ! | culated 2 
ly solutions | oF cell 
18 
le g CaO per 
liter Volt Volt Volt 

Sr ercctetacksntawsbuceteuasn 0.0500 | 0.90621 0. 00863 | 0. 65923 10. 986 0. 934 0. 947 
id sai RN RPI ET CCR 1024 | .92346| .00749 | .67762 | 11. 292 924 929 

Besiacw Low cis Gecn ee aniekewcdmaes . 2004 . 93925 . 00633 - 69457 11. 573 . 901 . 909 
od ES on fo SEES -2980 | .94888 | .00560] .70493] 11.746 . 903 . 897 
d _ ATER TAS FENCE 14002 | 195582] [00501 | :71246| 11.872 ‘898 ‘888 
on _ ETRE eerene ae eee .4987 | 96612} .00455| 71826 | 11. 968 898 882 

St MAE EE SS ESE SS OE: . 5983 - 96502 . 00418 . 72249 12. 038 . 880 . 87: 

iaeb aS ae pdS rewards how’ - 6988 - 9686 - 00384 . 72651 12. 105 . 878 . 875 
- cece nite te 18004 | '9720 | 00353} 73012] 12.165 $80 873 
0- ca. cuistamumiaian .8907| .9745 | 00323} .73290| 12.212 . 874 872 

4 SE Ee ee. . 9995 - 97677 . 00301 . 73541 12. 253 . 864 . 871 

‘ Ee ee Soe ee ee 1. 092 . 9790 . 00277 . 73788 12. 294 . 870 . 872 
de WB.....----ssssssesessss--} = 1.199 | 29810 | 100257] 374008] 12.331 ‘862 872 
yl . oat 
d 1 Observed values using the relationship 
e logis you~ = p& w~—PH+logioCon- 


m ? Calculated from the equation 
—logivyon-=0.512 -Vn—1.096p. 


ct 

: III. CALCULATION OF THE LIQUID JUNCTION POTENTIALS 

= AND THE POTENTIAL OF THE SATURATED CALOMEL 

be HALF CELL AT 30° 

de 1. POTENTIALS OF THE LIQUID JUNCTION 

ne Ca(OH), (c) | KCl (saturated) 

ur _ The emf of the cell, H,|Ca (OH), (c)| KCl (saturated) |HgCl+ Hg, 

en is composed of potentials developed between H, and calcium hydrox- 

28e ide solution; between calcium hydroxide solution and saturated 

nd potassium chloride solution; and at the mercury-calomel electrode. 

Y, Henderson ° has derived a formula for calculating liquid potentials 
ased upon the assumption that two solutions at their junction form 

em. 


LL 
*P, Henderson, Thermodnaymies of Liquids, Z. physik. Chem., vol. 59, p. 118, 1907. 
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a continuous mixture unaffected by diffusion. Henderson’s original 
equation is incorrect, due to an error in the derivation. The cor- 
rected formula given by Pfleiderer ’ is the following: 


Wey ve’ 5» We, y ve 
eri 21 gt 72m t 22m! >, uct Z, ve’ (1) 
. F 2, ue+ 2, vc’ — 2, ue— 22 ve" Se D2 UC + Zp ve’ 





where FR is the gas constant, 7 the absolute temperature, F' the 
Faraday and 2, and ; refer to the two solutions; u is the mobility of 
any cation at the equivalent concentration, c, and m its valence. 
The terms v, c’, and m’ are the corresponding quantities for any 
anion. This equation was used in calculating the potentials of the 
combination Ca(OH), (c)|KCI (saturated). 

This formula was derived on the assumption of complete dissocia- 
tion of the electrolytes involved. In order to apply the equation to a 
case involving a saturated potassium chloride solution, it was modi- 
fied by substitution of activity for concentration of potassium chloride. 
The procedure is not entirely correct, as may be discovered from the 
derivation of Henderson’s formula, for the substitution assumes that 
the activity coefficient of an ion in the boundary is a function of the 
concentration of that ion, whereas actually the activity coefficient 
of an ion in the boundary is a function of the square root of the ionic 
strength of the mixture. This substitution of activity for concentra- 
tion, however, should give a closer approximation than that furnished 
by equation (1). 

‘ AT AT, : : 
Further, u= 7 and v= “rs where A is the equivalent conductance 


of the electrolyte and Tg and 74 are the transference numbers of 
cation and anion, respectively, at the prevailing concentrations. 
Substitution of these quantities in equation (1) leads to the following 
expression: 





_RT (Ac) cacom,(1/2T ca — Tou) + (Acy) xo: (Tc — Tx) - 


Ei, F (Ac) cacom,— (Acy) xer is 


(Ac) Ca(OH)2 
(Acy) xe1 ) 


where y is the activity coefficient of KCl in its saturated solution at 
30°. 

A saturated solution of potassium chloride at 30° contains 272 g 
KCl in 1,000 g of solution.* - The density of such a solution® is 1.1814. 
Hence the solubility of potassium chloride at 30° is 321 g per liter of 
solution and the concentration is 4.31 molar. A measurement of the 
specific conductance at 30° gave the value 0.4271 reciprocal ohms,” 
from which it follows that the equivalent conductance of a saturated 
potassium chloride solution at 30° is 99.1 reciprocal ohms. 





7 Stuihler’s Handbuch der Arbeitsmethoden in der anorganischen Chemie 3, p. 863, Leipzig, 1914. 


8 International Critical Tables. : 
® Determined by Miss E. E. Hill, of this Bureau. 
10 Measured with the apparatus and assistance of Dr. C. Kasper, according to the method described in 


B. S. Jour. Research, vol. 9 (RP476), p. 353, 1932. 











Co ort OD or OW + 


— 


™o 


of 


1e 
10 


ae. 











Wells -— Activity Coefficients of Hydroxyl Ion 167 


For a uniunivalent electrolyte Hiickel’s equation expressing 
activity coefficient as a function of concentration has the following 
form, according to Harned," 


logioy = a0 + BX 2e—logi(1 + 0.036m) 


where A and B are constants characteristic of the electrolyte and 
c and m express the concentration of the electrolyte, the former 
in mols per liter of solution, the latter in mols per 1,000 g water. 
For KCI solutions at 25° * Harned found A=0.76, B=0.0171. The 
excellent agreement which he obtained between experimentally 
determined values of y and those calculated by this formula up to © 
m=4 justifies its use in calculating y at m=5.01, e=4.31. The 
activity coefficient of KCl at this concentration is thereby found to 
be 0.565. 

Tx, the transference number of potassium ion, in potassium chloride 
solution saturated at 25° has the value 0.473.% TJ >, (0.012-0.020 


mols Ca(OH), per liter) is 0.214 at 24.5°." 


Substituting the values of ——, Toa, Ton, (ACY) xa I'x and To 


in equation (2), the following results: 


a — 0.679 (Ac) ca(oH)2 + 13.031 a 
E,,= 0.0601 (AC) cacoms — 241.32 [logio(Ac) ca(om2— 2.383] (3) 





Values for Acacony, Were interpolated from measurements of 
equivalent conductance of calcium hydroxide solutions made at 30° 
by Noda and Miyoshi and by Miller and Witt * between 0.001 
molar and saturation. The liquid potentials as calculated from equa- 
tion (3) appear in column 4 of table 1. 


2. LIQUID JUNCTION POTENTIAL OF KCl (0.1 N)| KCl (SATURATED) 
AND THE POTENTIAL OF THE SATURATED CALOMEL ELECTRODE 
AT 30 


Riehm”™” has recently determined the emf of the combination, 
Hg+HegCl|KCl (0.1 N)|KCl (saturated)|HgCl+Hg, over a wide 
range of temperature. At 30° the value obtained was — 0.0942 volt. 

The liquid junction potential of the cell has been calculated by 
Henderson’s corrected formula, using the data already given for the 
saturated potassium chloride solution and the following values for 


" H. 8. Harned, The Electromotive Force of Uniunivalent Halides in Concentrated Aqueous Solution, 
J.Am.Chem.Soc., vol. 51, P. 416, 1929. 

4 Where data at 30° are lacking in the literature, the values at 25° for the activity coefficients and trans- 
ference numbers neeted for substitution in equation (2) were used. This procedure probably introduced 
no error beyond the accuracy of the formula. 

NE. R. Smith, B.S.Jour. Research, vol. 6 (RP314), p. 917, 1931. D. A. MacInnes and M. Dole, 
J.Am.Chem.Soc., vol. 53, p. 1357, 1931. 

4 W. Bein, Z.physik.Chem., vol. 27, p. 1, 1898. 

"T, Noda and A. Miyoshi, Electrical Conductivity of Aqueous Solutions of Calcium Hydroxide, 
J. Soc.Chem.Ind. Gapan), vol. 35, Suppl. Binding, 317-320, 1932. 

“L. B. Miller and J. C. Witt, Solubility of Calcium Hydroxide, J.Phys.Chem., vol. 33, p. 285, 1929. 


''H. Riehm, Determination of the Potential Difference between the 0.1 N and Saturated Calomel 
Electrode at 5° to 50°, Z.physik.Chem., A160, pp. 1-7, 1932. 

The conventions of sign of potential followed by G. N. Lewis and M. Randall, Thermodynamics, 
ew York, N.Y., 1923, are used throughout. 


McGraw-Hill Book Co., 
. 
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the 0.1 N potassium chloride solution: A=132," 7T,=0.497™ and 
y= 0.764. Substitution of these values in equation (1) gives Ey, = 


0.00465 volt. 
The potential of the 0.1 N calomel electrode at 30° is —0.3372 


volt.” 

- EF for the half cell Hg+HgCl|KCl (saturated) at 30° is then 
— 0.3372 + (0.00465 + 0.0942) = — 0.2383,, a value approximately 5 mv 
lower than that ordinarily used for the emf of the saturated calomel 
electrode when liquid potentials are neglected. 


IV. DETERMINATION OF pH, Ky, AND 75,- 


1. CALCULATION OF pH 


The emf of the cell, H,|Ca (OH), (c)| KCI (saturated) | HgCl+ Hg, 
is the algebraic sum of three quantities: E, the potential of the half 
cell H,|Ca(OH), (c); E,, the potential of the junction Ca(OH), 
(c)| KCl (saturated); and E,, the potential of the saturated calomel 
half cell. 

The relationship between these quantities is expressed by the 
equation, FE, + LE, — E,= Eyota, Whence, on substitution of the value 
for E, derived in the preceding section, 


E, - | 5 ie E, peer 0.2383; , a (4) 


Column 5 of the table gives values of EZ, calculated from equation (4) 
using figures for Eyota; and /, given in columns 2 and 3, respectively. 


Further, 
_ ~mr [A+] 


a ee ne) (5) 
( 760 





where R is the gas constant, 7 the absolute temperature, F the 


= 760 — 32 
Faraday and (a 


pheres in hydrogen saturated with water vapor at 30°. Transforming 


and substituting 0.06011, the numerical value of 2.303 ar at 30°, 


is the partial pressure of hydrogen in atmos- 


leads to the following expression: 
E 
- +1 os = ! 

Column 6 of table 1 gives the pH of the calcium hydroxide solutions 
calculated from the above formula. These pH values are plotted in 


figure 1 against corresponding lime concentrations (column 2, table 1). 
2. DETERMINATION of Kw 


By definition [H+] [OH-]=K, where [H*] and [OH7] are the 
activities of the hydrogen and the hydroxy] ion, respectively, and Ke 
is the dissociation constant of water. 


19 Interpolated from the data of H. C. Jones, Carnegie Inst. Wash. Pub. No. 170, 1912. 

20 International critical tables. 

21 See footnote 11, p. 167. 

2 W. M. Clark, The Determination of Hydrogen Ions, Williams & Wilkins Co., Baltimore, Md., 3d 


ed., 1928. 
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Taking the logarithms of the reciprocals of the quantities in this 
equation and substituting for activity of the hydroxy] ion, its equiva- 
lent, the product Con— X You gives the following equation 


pKy= pH — logiCou- — logiovvon— (7) 


where pK, represents —logio Ky» and where Coyg— and yor are the 
concentration and the activity coefficient of the hydroxyl] ion, re- 
spectively. 

From the Debye-Hiickel theory * the activity coefficient of a 
univalent ion in solution is given by the expression 


—logiwy=AVu-Bu (8) 
h A=2.303 J sat; in which «is the el 
where the constant A=2. lo00R7® 2 which e is the elec- 


11.0 





10.8 


0 01 02 03 04 05 06 07 08 a9 1.0 Ll 12 
Grams CaO per liter of solution 


FicurE 1.—Showing the pH of solutions of calcium hydroxide and the activity 
coefficients of hydroxyl ion (you—) as functions of the concentration of the calcium 
hydroxide in solution expressed as grams CaO per liter. 


tronic charge; N, Avogardro’s number; R, the gas constant; D, 
the dielectric constant of the medium; 7, the absolute temperature. 
Using the value 76.75 for the dielectric constant of water at 30° 
given by Wyman, * A was calculated to be 0.512 at 30°. Bis a 
constant characteristic of the ion and yu the ionic strength of the elec- 
trolyte. Substituting AVu— Bu for — logy you— in equation (7), the 
following expression is obtained: 


PKw= pH —logwCox— + AVu- Bu (9) 


This is the equation of a straight line. 

Assuming complete dissociation, Coxg- in calcium hydroxide 
solutions is equal to the equivalent concentration of Ca(OH), and p= 
3M, where M is the molar concentration of calcium hydroxide. 


® P. Debye and E. Hiickel, Physik. Z., vol. 24, B. 185, 1923. 
0 


> = oo Measurement of the Dielectric Constants of Conducting Media, Phys. Rev., vol. 35, 
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In figure 2, pH—log, Cox- +A-vu is plotted against pu, using values 
calculated from corresponding calcium hydroxide concentrations in 
column 2, table 1. The slope of the line is B, and the intercept is 
pK. Solution by the method of least squares showed that the 
probable error for a single value was 0.0031; the value B=1.096 + 
0.0440, and pK,=13.765+0.008. Hence, K,=1.7210™. 

Only two previous measurements of K, at 30° are recorded. 
Lorenz and Bohi® from measurements on the cell, H, | HCl (0.1 JN) | 
KCl (0.1 N) | KOH (0.1 N)| Ho, obtained K, = 1.74 x 10~". Michaelis” 
derived the value, K,,= 1.89 X 10~"*, from measurements on somewhat 
similar cells containing a hydrogen and calomel electrode. 

Bjerrum and Unmack *’ have measured K, at 0°, 18°, 25°, and 
37° by a method similar to that used in this investigation. The 
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pe 
FIGURE 2.—Graphical representation of the solution or the equation pK .= pH —logy 
Con- + Ayu —By, wherein the quantity pH — log Con- + Av«u is plotted 
as a function of the ionic strength of calcium hydroxide, p. 
The intercept at the ordinate is pK, and the slope of the line is B. 


equation derived from their measurements expressing variation of K, 
with temperature gives 1.55 10-" for K, at 30°. 

Lewis and Randall * have recommended that measurements of Ky 
be made on cells containing no liquid junctions due to uncertainties 
involved in calculating liquid potentials. In this investigation choice 
of the method was influenced by other considerations. 


3. DETERMINATION AND CALCULATION OF vyox- 


Using pK, = 13.765, values of you- were calculated from equation 
(7) and are given in column 7 of table 1. The variation of the activity 
coefficients with the concentration of Ca(OH), is shown in figure 1. 

You- may also be calculated from equation (8): —logyy= 0.512y"- 
Bu, where B has the value 1.096. Column 8 of table 1 contains the 
activity coefficients calculated from this equation. It is seen that 
values of you— obtained from the two independent equations are M 





x gg and A. Bohi, Contributions to the Theory of Electrolytic Ions, Z. physik. Chem., vol. 66, 
p. 733, 7} 

% L. Michaelis, Die Wasserstoffionenkonzentration, Berlin, 1914. 

2” N. Bjerrum and A. Unmack, Electrometric Measurements with the Hydrogen Electrode in Mixtures 
of Acids and Bases with Salts, K]. Danske Videnskab, Math.-fys. Medd., vol. 9, pp. 83-115, 1929. 

28 Thermodynamics, p. 487, McGraw-Hill Book Co., New York, N.Y., 1923. 
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agreement within the accuracy of the experiments; hence yox— at 30° 
may be calculated at any calcium hydroxide concentration by the use 
of equation (8). 

The mean activity coefficient of calcium hydroxide is given by the 
expression: 


YCa(OH)2— V cat * You (10) 


For the concentration, 0.01976 mol Ca(OH), per 1,000 g of water, 
Johnston and Grove * obtained ycacom2=0.72 at 25°. At this con- 
centration Yox—= 0.872 from equation (8). Substituting these quan- 
tities in equation (10), ycatt =0.49. This value of ycq** is in general 
agreement with values of the individual ion activity coefficients of 
divalent metallic ions given in Lewis and Randall’s ‘‘Thermody- 
namics’, table 8, p. 382. There is likewise a close correspondence 
between values of you— given in the same table and those found in 
this investigation at the same ionic strengths. 


V. SUMMARY 


1. The electromotive force of the cell H,| Ca(OH), (c)| KCl (satu- 
rated) | HgCl+ Hg, at 30° was measured for concentrations of calcium 
hydroxide between 0.050 and 1.199 g CaO per liter of solution. 

2. Henderson’s corrected formula was applied for calculating the 
liquid potentials of the combination, Ca(OH), (c) | KCl (saturated). 

3. The value — 0.2384 volt for the potential of the saturated calomel 
half cell at 30° was derived from Riehm’s measurement of the electro- 
motive force of the cell, Hg+HgCl | KCl (0.1 N) | KCl (saturated) | 
HgCl+Hg, by correcting for the liquid potential of the combination 
KCI (0.1 VV) | KCI (saturated) and the use of W. M. Clark’s value for 
the potential of the 0.1 N calomel half cell. 

4. The pH-concentration relationships of calcium hydroxide solu- 
tions at 30° are given. . 

5. A value for the dissociation constant of water at 30°, K,,=1.72 
x10-, was determined. - | 

6. The activity coefficients of hydroxyl ion in solutions of calcium 
hydroxide at 30° are expressed satisfactorily by the equation, 
—logio Yor-=AVu— Bu, where A=0.512 and B=1.096. Atacalcium 
hydroxide concentration of 0.0198 molar, the individual ion activity 
coefficients are: 


Yoatt =0.49; You- = 0.87. 


7. The pH and activity data indicate that calcium hydroxide is a 
strong base. | 
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* See footnote 4, p. 164. 
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EFFECT OF TEMPERATURE AND FREQUENCY ON THE 
DIELECTRIC CONSTANT, POWER FACTOR, AND CON- 
DUCTIVITY OF COMPOUNDS OF PURIFIED RUBBER 
AND SULPHUR 


By A. H. Scott, A. T. McPherson, and Harvey L. Curtis 


ABSTRACT 


The dielectric constant, power factor, and conductivity of purified rubber and 
of a series of its compounds with sulphur were determined at temperatures from 
—75° to 235° C. The dielectric constant and power factor were measured at 
five frequencies from 60 to 300,000~ and the apparent conductivity at about 
0.002 second and at one minute after the application of potential. The results 
of the measurements are expressed in both tabular and graphic form. At 25° C. 
and 1,000~ the dielectric constant of purified rubber containing no sulphur was 
2.37. With increasing sulphur content the dielectric constant increased to a 
maximum of about 3.75 at 11.5 percent sulphur, then decreased to a minimum 
of 2.70 at 22 percent sulphur and again increased to 2.82 at 32 percent sulphur. 
Under similar circumstances, the power factor increased from 1.6 10-* for the 
rubber alone to a maximum of 93.8X10-3 for the compound containing 13.5 
percent sulphur; it then decreased to about 4.0 X 10-3 at 20 percent sulphur, and 
again slowly increased to 5.1 10-3 at 32 percent sulphur. The 1-minute conduc- 
tivity was 2.3 10-7 mho/em for the rubber alone. With 12 percent sulphur, it 
was only 0.56X107-!’, while at 18 percent sulphur it passed through a sharp maxi- 
mum of 38X10-!’, and then decreased to values between 1 and 1.5X10-" for 
compositions between 22 and 32 percent sulphur. Changes of the temperature 
or the frequency at which the measurements were made shifted the maxima and 
minima in these curves and modified their heights. For example, at —25° C., 
the maximum dielectric constant at 1,000~ was 2.8, and was obtained with a 
compound containing 4 percent sulphur, while at 145° C. the maximum was 4.5 
and was obtained for a compound containing about 26 percent sulphur. Com- 
parison of the results of this investigation on purified rubber with previous work 
done with crude rubber indicates that purification alters the values obtained for 
the electrical properties, but it does not modify the general manner in which 
these properties vary with changes in composition, temperature, or frequency. 
The results may have practical bearing on the selection of rubber compounds for 
specific uses and in pointing out the manner in which the properties of rubber 
are related to temperature or frequency. 


CONTENTS 


I, Introduction 

II. Preparation of specimens 
1. Purification of rubber 
2. Mixing of rubber and sulphur- - - -- - He Ae, wet Sebi eee 
3. Electrodes 
4. Molding of specimens 
5. Vulcanization of specimens 

III. Measurement of the dimensions of specimens ; 
has EE Oe OO eee 
2. Measurement of area 
3. Change in dimensions with temperature 

IV. Mounting of specimens for electrical measurement 
1. Electrical connections to test specimens 
2. Chamber for measurements at 25° C 
3. Chamber for measurements at —75° to 235° C 
4. Means for maintaining constant temperature 





Bureau of Standards Journal of Research 


. Electrical measurements 
1. Capacitance and power factor 
2. Dielectric constant 
3. Conductance 
4. Conductivity 
5. Accuracy of determinations 
(a) Effect of errors in dimensional measurements 
(b) Possible sources of error in electrical connections 
and measurements 
(c) Independent determinations of dielectric constant_ 
(d) Effect of the condition of electrode surfaces 
. Values of electrical properties 
1. Electrical properties at 25° C 
(a) Dielectric constant 
(b) Power factor 
(c) Conductivity 
2. Measurements at — 75° to 235° C 
(a) Dielectric constant 
(b) Power factor 
(c) Conductivity 
. Comparison of the electrical properties of compounds of purified 
rubber and sulphur with those of crude rubber and sulphur 
. Selection of rubber compounds for specific uses 
. Conclusion 
. Acknowledgment 


I. INTRODUCTION 


The authors have previously reported results’ on the electrical 
properties of a series of rubber-sulphur compounds which were made 
from commercial rubber and were measured at 25° C. with 1,000~. 
The present paper reports results on the electrical properties of a 


similar series of compounds made from purified rubber and measured 
over a wide range of temperature and frequency. Sufficient data 
have been obtained to enable one to determine the dielectric constant 
and power factor for any composition of rubber and sulphur at any 
useful temperature and at any normal frequency. 

The results obtained in this paper do not entirely confirm the con- 
clusions of the previous paper. When the electrical measurements 
reported in that paper were plotted as functions of the percent of 
combined sulphur, curves were obtained which showed changes in 
direction at compositions corresponding to simple, empirical formulas. 
From this evidence as well as from a consideration of changes in 
density with composition, it was inferred that 

The existence of a definite compound of empirical formula (C;Hs)2S is indicated 
by all the properties which have been studied. Evidence for the other three 
compounds (C;Hs),8, (CsHs)3S, and (C;Hg);8; is less complete. 


Soon after that paper was published it was pointed out by Kimura, 
Aizawa, and Takeuchi? that the electrical properties are functions of 
the temperature, and by Kitchin * that they are functions of the fre- 
quency at which measurements are made. Kimura and Namikawa’* 


1H. L. Curtis, A. T. McPherson, and A. H. Scott, Density and Electrical Properties of the System, 
Rubber-Sulphur, Part II. Electrical Properties of Rubber-Sulphur Compounds, B.S8.,Sci. Papers, vol. 


22 (S560), p. 398, 1927. 
?§. Kimura, T. Aizawa, and T. Takeuchi, Dielectric Properties of the Rubber-Sulphur System, Inst. 


Elec.Engrs.J. (Japan) pp. 1274-1277, December 1928. 
3 Donald W. Kitchin, Power Factor and§Dielectric Constant in Viscous Dielectrics, Am.Inst.Elee, 


Engrs.J., vol. 48, p. 495, 1929. 
48. Kimura and N. Namikawa, The Specific Gravity and Thermal Expansion of the Rubber-Sulphur 


System, Soc.Chem.Indust.J, (Japan), Supplemental Binding, vol. 32, p. 196B, 1929. 
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pointed out that the density and coefficient of expansion of the rubber- 
sulphur compounds likewise varies with the temperature. Hence, 
the positions of the maxima and minima which were observed in the 
earlier paper and were attributed to the formation of definite com- 
pounds of rubber and sulphur bear no relation to the chemical struc- 
ture of the vulcanized rubber. 

The present paper is primarily concerned with the description of 
methods of experimental measurement of the electrical properties and 
the presentation of the results. A consideration of the results in the 
light of modern dielectric theory will form the subject of a separate 

aper. 
r II. PREPARATION OF SPECIMENS 


The specimens were prepared by molding and vulcanizing thin 
sheets of different rubber-sulphur compounds between aluminum 
plates which later served as electrodes. The process of preparation 
consisted in purifying the rubber, mixing it with sulphur, molding it 
between prepared electrodes, and vulcanizing the specimen thus formed 
in an atmosphere of inert gas. 


1. PURIFICATION OF RUBBER 


The purification of rubber consisted in the digestion of crude rubber 
or latex with water at about 180° C., followed by washing with water, 
extraction with alcohol, and drying in an atmosphere of inert gas. 
The digestion hydrolyzed the proteins, while the washing and extrac- 
tion served to remove the protein-hydrolysis products, the resins, the 
sugars, and part of the inorganic salts. The product, thus obtained, 
contained about 99.5 percent of rubber hydrocarbon. The principal 
impurities were inorganic salts, as indicated by ash, and residual 
quantities of resins and protein-hydrolysis products, as indicated by 
a few hundredths percent of oxygen and nitrogen. This method of 
purification afforded a simple and convenient method for making 
rubber hydrocarbon of reasonably high purity in lots of several kilo- 
grams. A detailed description of the method of purification and a 
discussion of the properties of the purified rubber is given elsewhere.® 


2. MIXING OF RUBBER AND SULPHUR 


The purified rubber was usually mixed with sulphur in an internal 
mixer in an atmosphere of nitrogen or carbon dioxide, but some batches 
were mixed carefully on a roll mill in air. The rubber and the sulphur 
were weighed separately and the batch was weighed after mixing. 
The weight of the batch seldom differed from the sum of the weights 
of the constituents by more than 1 part in 1,000. Any greater dif- 
ference was due to a loss of sulphur by dusting and the requisite 
quantity of sulphur was added to correct this loss. The batches, 
after mixing, were stored in an atmosphere of inert gas until used for 
making specimens. 

The sulphur employed was a commercial grade of ground, rhombic 
sulphur, specially prepared for use in rubber manufacture. Analysis 
indicated no impurities except a trace of ash. 


5A. T. McPherson, A Method for the Purification of Rubber and Properties of Purified Rubber, B.S. 
Jour. Research (RP449), vol. 8, p. 751, 1932. 
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3. ELECTRODES 


The electrodes were circular disks cut from aluminum sheet and 
were approximately 0.025 cm in thickness. They were used in pairs 
24 and 26 cm in diameter, respectively, as indicated in figure 1, 
The electrodes were of two types—one type was made from ordinary 
polished aluminum sheet, and the other from aluminum sheet perfo- 
rated with fine holes. The perforated aluminum sheet used for this 
purpose had 97 perforations per square centimeter; each perforation 
was about 0.05 cm in diameter and was separated from adjacent 
perforations by about the same distance. 

The electrodes of polished sheets were employed in measurements at 
25° C. These ordinary electrodes were not satisfactory, however, 
for specimens that were to be measured over a range of temperature, 
because differences in thermal expansion frequently caused separation 
of the rubber and metal. For this reason, specimens that were to be 
employed in determining the effect of temperature were made with 
electrodes of perforated aluminum. Since the rubber was molded 
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Figure 1.—Cross section of molded specimen. 


into the perforations, excellent attachment to the electrodes was 
secured at all times. 


4. MOLDING OF SPECIMENS 


The electrical test specimens were made by placing the requisite 
quantity of the unvulcanized rubber-sulphur stock in the form of a 
sheet about 1 cm thick between a pair of electrodes and pressing it 
out in a hydraulic press to form a sheet about 0.075 cm thick between 
the electrodes. The exact thickness was controlled by the use of a 
large spacing ring between the platens of the press. Enough of the 
rubber-sulphur stock was used to permit considerable overflow beyond 
the edge of the electrodes. The overflow carried most of the entrapped 
air with it, and thus minimized the quantity of air enclosed in the 
specimen. A large sheet of aluminum foil was placed on each side 
of the specimen in order to prevent the overflow from sticking to the 
platens of the press. The foil was left on the specimen during vulcani- 
zation and up to the time the electrical measurements were made, 
in order to protect the rubber from oxidation and contamination. 

Care was exercised to secure a uniform thickness that could be 
measured with the accuracy requisite for the determination of the 
dielectric constant. The platens of the press were plane to within 
0.01 cm over the entire bearing surfaces. The molding was done 
at about 100° C., and the specimen was left between the platens of 
the press for 10 minutes in order to permit the rubber to flow as much 
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as it would. The best specimens that were obtained were uniform in 
thickness to within 2 percent of the thickness of the rubber, or about 
15 w, over their entire area, but in some cases the thickness of the 
specimens varied by as much as 5 or 10 percent. These large varia- 
tions were traced to inequalities or irregularities in the platens and 


could be eliminated by regrinding which was done whenever they were 
discovered. 


5. VULCANIZATION OF SPECIMENS 


After molding, the specimens were vulcanized in an autoclave. 
Those made during the early part of the investigation were vulcan- 
ized in open steam, but the majority of the specimens were vulcanized 
under pressure in an autoclave filled with carbon dioxide, hydrogen, or 
nitrogen. An autoclave for this purpose was improvised from a 
standard 12-inch iron pipe cap on which a rigid iron plate was bolted 
as a cover. A gasket made from a ring of wire solder effectively 
prevented the leakage of gas. 

The time of vulcanization in the gas-filled autoclave was between 
25 and 40 hours at 140° C., with the gas pressure at 50 or 60 lbs./in.? 
in excess of the pressure of the atmosphere. Vulcanization in steam 
was conducted for about 15 hours at 149° C. This relatively long 
time of vulcanization was intended to bring practically all the sulphur 
into combination with the rubber. Analysis indicated that this pur- 
pose was accomplished in the case of all specimens except those con- 
taining the maximum amount of sulphur. Specimens compounded 
with 32 percent of sulphur were found to contain 0.5 to 0.8 percent 
of sulphur in the uncombined state. Those compounded with 28 


percent of sulphur contained 0.1 to 0.2 percent of free sulphur, while 
the specimens of lower sulphur content contained not more than 0.1 
percent of the element in the uncombined state. 


III. MEASUREMENT OF THE DIMENSIONS OF SPECIMENS 


The dielectric constant and the conductivity of the material of a 
flat specimen with ordinary electrodes can be computed from the 
results of electrical measurements, the thickness between the elec- 
trodes, and the area of the smaller electrode. 

That, however, cannot be done for specimens having perforated 
electrodes. Here the electrical properties may be arrived at indirectly 
by determining experimentally a shape factor for each specimen—a 
procedure which amounts to finding the dimensions of a parallel plate 


capacitor which would be equivalent to the specimen under considera- 
tion. 


1. MEASUREMENT OF THICKNESS 


_The majority of the measurements of thickness were made with the 
dial gage which was used by the authors in previous investigations.° 
This gage, however, was found to be unsuitable because the pressure 
exerted by the plunger, which had a very small foot, reduced the 
thickness of the rubber of the softer specimens even through the thin 
aluminum electrodes. The error from this source was as much as 2 
percent for some soft rubber specimens but was negligible in the case 


* See footnote 1 (p. 174) and also H. L. Curtis and A. T. McPherson, Dielectric Constant, Power Factor, 
and Resistivity of Rubber and Gutta-Percha, B.S.Tech. Papers, vol. 19, p. 669, 1925. 
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of hard rubber. A correction for each composition was determined 
and was applied to the measurements which had been made with the 
dial gage. 

Accurate measurements of thickness were made by means of a gage 
which operates with a relatively slight contact pressure. This gage 
is a modification of one devised by Dye and described by Rolt.’? As 
is shown diagramatically in figure 2, it consists of a steel bar supported 

on three hemispheri- 
cal surfaces, the ones 
at the ends resting 
on hardened steel 
supports which are 


&y 
x iy tar lapped optically flat, 
4 %) 
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and the one at the 

wr Ne) center resting on the 
SPECIMEN end of a micrometer 

\ head. The hemi- 
Ve spherical surface at 
= thecenteris 1 mm off 
| the line of centers of 
8 remee the other two; thus 

| | ee] any vertical displace- 

| ment of this spherical 

l surface tilts the bar. 
CounTéR - WEIGHT The optical lever sys- 
tem from the top of 
the bar is so adjusted 
that the vertical dis- 
placement can be 
read directly in mi- 
crons. The microm- 
eter head is provided 
so that the approxi- 
Seaciean mate thickness of the 
/ specimen can be set 
on it and the optical 

lever system need 
only take care of the 
variations in thick- 
ness of the specimen. 
Fic. 2.—Bar gage. The bar is so bal- 

The bar rotates on the spherical surfaces at each;end of the‘bar.* The anced that the pres 
scale is at right angles to the axis of the bar andjthe tilting of the bar sure of the specumen 
met tsb ahh ens he Sa he mecouwletedss ere is small and the com- 


and only the variations in thickness need be measured by the bar. The j j igible 
optical lever system is so adjusted that the gage reads in microns. pression 1S negligi h 
for purposes of the 


present investigation. This was established’ by comparing the volume 
of rubber in a specimen as found byjdimensional measurements with 
the volume indicated by the method of hydrostatic weighings. The 
two methods gave the same volume, within experimental error, whereas 
if there had been any appreciable compression the volume computed 
from the dimensional measurements would have been the smaller. 


7 F. H. Rolt, Gages and Fine Measurements, vol. 1, p. 339. The Macmillan Co., New York, N.Y. 
29. 
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The thickness of each specimen was measured at 19 points, which 
were so distributed as to represent equal areas. A pattern was 
employed as a convenient means for locating the points. To test the . 
reproducibility of the average so obtained, several specimens were 
measured repeatedly with the pattern shifted each time to a new 
position. The largest variation found in the average thickness was 
about 1 percent. f 

The thickness of the rubber in a specimen was found by subtracting 
the average thickness of the aluminum electrodes from the over-all 
thickness of the specimen. This was done mechanically by offsetting 
the zero of the measuring instrument by an amount equal to the thick- 
ness of the aluminum plates of the particular specimen under observa- 
tion. 

The thickness of the aluminum plates was ascertained either by the 
use of the optical gage desecribed above or by weighing them, measur- 
ing their diameters and computing the thickness from these data and 
the known specific gravity of the aluminum. Measurements on alum- - 
inum plates at different points indicated that they were sufficiently 
uniform to justify the use of the simple average thickness. 


2. MEASUREMENT OF AREA 


The area of the specimen used in the computation of the dielectric 
constant and conductivity was obtained by correcting the area of the 
smaller electrode for the fringe or edge effect. This correction was 
included in the equations used to compute these electrical properties 
and is discussed in a subsequent section of this paper. 

The area of the smaller electrode was computed from the average 
diameter, as determined by measurements with a steel scale in differ- 
ent directions. The diameters of a given electrode seldom varied by 
more than 0.5 mm, and the accuracy with which the area was deter- 
mined was about 0.5 percent. 


3. CHANGE IN DIMENSIONS WITH TEMPERATURE 


The change in area of the electrical test specimen due to thermal 
expansion was small and therefore no correction was applied. Taking 
the coefficient of expansion of aluminum as 23X10~° per °C., the 
change in area would be about 1 percent for a temperature change of 
210° C., which is the largest difference between the temperature of 
dimensional measurement and the temperature of electrical measure- 
ment reported in this investigation. In the majority of measurements 
the change was considerably less than 1 percent. 

The change in thickness with temperature was, however, of signifi- 
cant magnitude, not only because the coefficient of expansion of rub- 
ber is much greater than that of aluminum, but also because the rub- 
ber held in a thin sheet between the aluminum plates is free to move 
in only one direction, so that any contraction or expansion is manifest 
almost wholly as a change in thickness, the lateral dimensions chang- 
ing only as much as the aluminum. 

To investigate experimentally the change in thickness with tem- 
perature, the thickness gage described above was mounted in an 
electric oven and measurements were made on representative samples 
at several temperatures from 25° to 150° C. The results were found 
to be in accord with those computed or extrapolated from the volume 
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coefficients of expansion reported by Kimura and Namikawa,'so these 
latter coefficients were used as a basis for correcting all determinations 
for change in thickness with temperature. These corrections 
amounted in extreme cases to as much as 13 percent. 


IV. MOUNTING OF SPECIMENS FOR ELECTRICAL 
MEASUREMENT 


The specimens were assembled for the electrical measurements in 
measuring chamber which was provided with a means for connecting 
to the specimens. Two different measuring chambers were employed, 
one being used solely at 25° C. and the other at temperatures below 
or above 25° C. Several different methods were used for securing and 
controlling the temperature, but the same method of assembling the 
specimens and making electrical connections was employed through- 
out the work. 


1. ELECTRICAL CONNECTIONS TO TEST SPECIMENS 


The test specimens were assembled by pairs into test units, two 
specimens of the same composition being placed with their smaller 
electrodes together. Electrical connection was made to the smaller 
electrodes by placing between them an aluminum disk which was pro- 
vided with a slender projection that extended from between the speci- 
mens. Connection was made to the larger electrodes by pressing 
against them aluminum disks having projections which extended 
beyond the edges of the specimens. When the larger electrodes were 
maintained at earth potential and the smaller, inner electrodes at an 
elevated potential, the test unit constituted a shielded condenser. 
In practice as many as 10 of these test units were placed one on top of 
another in the constant temperature chamber at one time. The 
smaller electrodes were connected to well-insulated, individual meas- 
uring leads. The larger electrodes were connected to a common lead. 
In Figure 3 a stack of test units assembled for electrical measurements 
is shown outside the measuring chamber. 

In order to insure good electrical contact between the electrodes 
and the aluminum disks that were used to establish connection to 
the leads, brass filings were sprinkled on the surfaces{and a weight 
of about 7 kg was placed on the assembly of specimens. Measure- 
ments indicated that this reduced the contact resistance to less than 
0.005 ohm. Contact resistances at other connections were reduced 
by sandpapering or scraping the metal surfaces. The weight placed 
on the top of the specimens was assumed to have no appreciable effect 
on the thickness of the specimens, since application of the weight did 
not change the capacitance as measured with 1,000~. 


2. CHAMBER FOR MEASUREMENTS AT 25°C 


The chamber in which measurements were made at 25° C. was 4 
large earthenware jar mounted in a thermostatically controlled oil 
bath. The test units were placed on a hard rubber disk which was 
suspended from a hard rubber cover, the cover being seated on a ledge 
inside the jar. Electrical connections to the specimens were estab- 
lished by means of brass rods passing through the cover. These were 
insulated by paraffin bushings. The humidity was kept low in the 


‘See footnote 4. 
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chamber by means of a large tray of anhydrous, granular calcium 
chloride at the bottom. Circulation of the air in the chamber by 
means of a fan insured uniformly low humidity as well as constant tem- 


perature through- 
out. A further 
description of this 
constant tempera- 
ture chamber, to- 
gether with an 
illustration show- 
ing the mounting of 
the specimens in it, 
and the method of 
obtaining the lead 
capacitance, has 
been given in a pre- 
vious publication.® 


3. CHAMBER FOR 
MEASUREMENTS 
AT —75° TO 

235° C 


The chamber in 
which measure- 
ments were made 
over a wide range of 
temperature was a 
Pyrex glass jar 
about 30 cm in di- 
ameter mounted in 
a constant temper- 
ature bath. The 
test units were 
mounted on an 
aluminum disk 
suspended from a 
bakelite cover 
which rested on the 
topofthejar. The 
cover with some 
test units mounted 
on the suspended 
aluminum disk is 
shown in figure 3. 
Asis shown, a por- 
tion of the center 
of the cover was cut 
out and a smaller 
Pyrex jar was sus- 
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Ficure 3.—Specimens mounted for electrical measurement 
at temperatures from —75° to 235° C. 


The specimens are mounted on the aluminum disk suspended from the 
bakelite cover of the constant temperature chamber (not shown). 
Measurements are made after the temperature and humidity become 
constant. The specimens are connected to the bridge by the vertical 
brass rods. For temperatures below 25° C. part of the cooling liquid is 
put in the jar mounted in the cover; this produces circulation of the gas 
in the chamber. When temperatures above 25° C. are used, this jar is 
filled with a thermal insulating material. 


pended in this opening so that the bottom of this jar was about 5 em 
above the specimens and the top extended above the cover. This 


* See reference in footnote 1. 
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provided a means for stirring the air in the chamber at temperatures 
below room temperature since a part of the cooling liquid used in the 
bath could be put in the smaller jar thereby producing convection 
currents. Pyrex glass tubes were inserted in the cover for the lead 
rods to pass through in order to furnish better electrical insulation than 
was afforded by the bakelite. A ring of bakelite attached to the 
smaller jar about 7 cm below the cover afforded additional support to 
the tubes which insulated the leads, and also provided some thermal 
insulation for the chamber. No fan was provided for stirring the 
air in the chamber since the heating and the cooling arrangements 
were such that convection could be relied upon to maintain a reason- 
ably uniform temperature. The temperature at the center of the 
stack of specimens was determined by means of a thermocouple. 
This thermocouple was imbedded in an aluminum plate which was 
placed between the test units. Electrical measurements were made 
when the temperature at the center of the assembly was within 0.5° (, 
of the temperature of the bath. 

Low relative humidity in the measuring chamber was insured by the 
use of anhydrous calcium chloride as a drying agent, and by the 
passage of a slow stream of carbon dioxide from a cylinder into the 
chamber. The carbon dioxide escaped through the annular spaces 
between the Pyrex glass insulating tubes and the brass rods which 
served as leads and prevented the entrance of air or moisture into 
the measuring chamber. 

Small electric heaters were placed around the Pyrex glass insulat- 
ing tubes as an additional precaution against the condensation of 
frost on the leads when measurements were being made at low 
temperatures. 


4. MEANS FOR MAINTAINING CONSTANT TEMPERATURE 


The chamber which was operated at 25° C. was mounted in a well- 
stirred oil bath that was provided with thermostatic control. The 
thermostat operated with a double contact so that the bath was 
either heated or cooled according to the temperature of the room. 
The heating was obtained by means of an electrical heating unit, 
and the cooling by the use of a small pump which circulated cold water 
through a coil in the bath. 

The chamber which was used over the wide range of temperatures 
could be mourted in either a liquid bath or an air bath. Liquid baths 
were used below 25° C., water cooled by ice being employed in the 
range 25° to 0° C., and alcohol cooled by carbon dioxide snow in the 
range 0° to —75° C. The liquid bath had a volume of about 10 
gallons and was well insulated so that no difficulty was encountered 
in regulating the temperature to within 1° C. of that desired by 
adding ice or carbon dioxide snow as it was needed. A liquid bath 
was also maintained in the smaller cylinder of the measuring chamber 
and was kept at the same temperature as the main bath. With a 
cooling surface immediately above the specimens, it was possible to 
maintain them at a uniform temperature without a forced circulation 
of air in the chamber. 

The air bath which was employed for. heating the measuring chan- 
ber above 25° C. was provided with an electric heater, a circulating 
fan, and a bimetallic thermostat. It was well insulated and the tem- 
perature of the air in it could be maintained to within 1° C., of the 
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desired temperature. When the measuring chamber was placed in 
this air bath, the smaller jar was simply filled with a thermal insulat- 
ing material. In this case, the air in the chamber was sufficiently 
stirred by convection to maintain the specimens at a uniform tem- 
perature, since the heat was applied to the bottom and sides. 


V. ELECTRICAL MEASUREMENTS 


Two types of electrical measurements were made—one type was 
the primary measurements on specimens having ordinary electrodes; 
the other type was the relative measurements on specimens having 
perforated electrodes. The primary measurements were made at 
25° C. and 1,000 ~ for the purpose of computing the dielectric con-: 
stant and conductivity from the observed dimensions of the speci- 
mens and the measured capacitance and conductance, respectively. 
The dielectric constant thus obtained was used’ with the capacitance © 
of a test unit of identical composition, but having perforated elec- 
trodes, to compute a shape factor for this test unit. This shape 
factor and the thermal expansion of the specimens were used to deter- 
mine the dielectric constant and conductivity from the capacitance _ 
and conductance, respectively, as measured between temperatures of 
-—75° and 235° C. Although for making measurements over this 
extended temperature range, two different measuring chambers were 
used and different means were employed to secure the desired tem- 
peratures, the same method of assembling the specimens and making 
the electrical connections to them was employed throughout the 
investigation. . 

The electrical measurements which were made on the specimens 
were the capacitance, power factor, and conductance. The capaci- 
tance and the power factor were measured at five frequencies and 
the conductance at two elapsed times after electrification. The 
methods used in part of the measurements have been described else- 
where and will be only briefly sketched here. The dielectric con- 
stant and conductivity were computed from these measurements 
and the dimensions of the specimens. 


1. CAPACITANCE AND POWER FACTOR 


The capitance and power factor measurements at 60, 1,000, and 
3,000 ~ were made with the modified Rosa series inductance bridge, 
a diagram of which is shown in figure 4. A telephone receiver was 
used as the detector for 1,000 and 3,000 ~, and a vibration galvano- 
meter for 60 ~. The manipulation of this bridge is described in 
the legend. 

A modification of the resonance method described by Dellinger 
and Preston !° was used to measure the capacitance and power factor 
at 100,000 and 300,000 ~. A diagram of this set-up is shown in 
figure 5. The method of making the measurements is described in 
the legend. 

The source of 60 ~ frequency was the local power circuit. The 
frequency of the power supply was so well controlled that it was suffi- 
ciently accurate for these measurements. 


ua: H. Dellinger and J. L. Preston, Methods of Measurement of Properties of Electrical Insulating 
Materials, B.S. Sci. Papers, vol. 19 (S471), p. 39; 1923. The method here referred to is described on p. 43. 
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The frequencies of 1,000 and 3,000 ~ were obtained from a motor 
generator driven from a direct-current supply. At full speed this 
machine supplied a current at 3,000 ~. It was run at one third full 
speed to obtain a current at 1,000 ~. The use of a remote-control 
system and a frequency meter made it possible to control the 1,000 ~ 
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DETECTOR 




















YY) 
Fiacure 4.— Modified Rosa bridge. 


To make a measurement of capacitance and power factor several cycles of adjustment must be made in 
which the detector is connected first to the bridge and then to the Wagner earthing system. First connect 
the specimen in the bridge not only by its regular lead X but also by the dummy lead Y. The cycle con 
sists in first connecting K to H and balancing by adjusting Cand L, then connecting K to J and balancing 
by adjusting P’ and L’. This cycle is repeated until the throwing of K from J to X does not affect the 
balance of the bridge or of the Wagner earthing system. Let the reading of the left-hand inductor be L. 
Connect a calibrated capacitor S into the bridge in place of the specimen and make another cycle of adjust- 
ments varying S instead of C. Let the readings of the calibrated capacitor and left-hand inductor be 5: 
and Iz. Connect the specimen into the bridge as before with the exception of the dummy lead Y whichis 
disconnected not only at Z, but also at the specimen. Adjust the bridge in the same way as when both leads 
were connected. Let the reading of the left-hand inductor be Z;. Again substitute the calibrated capacitor 
for the specimen and make the cycle of adjustments. Let the reading of the calibrated capacitor be 5. 
The reading of the inductor will be Lg as before. The capacitance of the dummy lead and hence of the 
measuring lead is Si—S:. The capacitance of the specimen is S:,—(S;:—S2)=2 S:—S;. If =I, 08 8 
usually the case, and R= P, the power factor F is given with sufficient approximation by the equation 


,_ #(In—In) 
ee: wd 


where w is 2x times the frequency of the phareeting current used in the measurement, and R and P are the 
total resistances of the arms A H and BH. If the lead capacitance is not to be determined, the first part of 


this procedure is omitted. 

frequency with high accuracy. No frequency meter was available 
for use with the 3,000 ~ frequency, but the generator was stead 
at full speed and after being set with a tachometer and stop wate 
gave a frequency which was sufficiently accurate for purposes of the 
present investigation. 
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The radio frequencies of 100,000 and 300,000 ~ were obtained from 
a radio-frequency generator using a 250-watt power tube in a tuned 
plate circuit. This generator was adjusted for the desired frequency 
and the output was checked at frequent intervals by means of a cali- 


J 


brated frequency meter. 

















FicureE 5.—Set-up for radio-frequency measurements. 


The set-up consists of an inductance coil LZ, a noninductive decade resistance R, and a vacuum thermo- 
couple 7’ connected in series to the midpoints K of a double pole, double throw switch by means of which 
the calibrated variable air capacitor C, or the test unit C, and parallel variable air capacitor C, may be 
connected into the circuit. The measurement of capacitance and power factor consists in adjusting the 
circuit containing first the specimen and then the calibrated air capacitor to resonance with the source. 
The test unit is first introduced into the circuit by connecting K to H, R being set at zero resistance, and 
resonance is then obtained by adjusting C.. The coil is so chosen that C, will be small. The coupling 
between the source and the resonance circuit is so adjusted by moving the source that a large deflection 
of the galvanometer is obtained. The noninductive resistance R is then increased until the angular deflec- 
tion of the galvanometer is decreased to one fourth. Let this resistance be R:. The capacitor C, is intro- 
duced into the circuit by connecting K to J, R is set at zero resistance, and C, is adjusted until resonance 
isobtained. The coupling is again adjusted to give a large angular deflection of the galvanometer, and then 
this deflection is decreased to one fourth by increasing R. Call this resistance R2. The capacitance of 
the specimen C, is then C.-C,, where C, is the capacitance of the calibrated air capacitor and C, is the 
capacitance of the parallel air capacitor and the leads. The power factor is given with sufficient accuracy 


by the equation 
@ Cc, (Ri _ R2) 


Cz 


k= 


2. DIELECTRIC CONSTANT 


The dielectric constant K of the medium of a capacitor is given by 
the equation 
C 


K=q = AC (1) 


where C is the measured capacitance, C, is the capacitance which 


the capacitor would have if vacuum were its dielectric, and A= a 
o 


is the shape factor of the capacitor. The specimens having ordinary 
electrodes were so designed and prepared that C, and hence A could 
be computed from the measurements of the dimensions. For a test 
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unit the value of C, in micromicrofarads is given to a sufficient 
approximation by the equation 


A A,d,.+ Aod,+ 8r@{lIn 24+ (1+2)ln (1+2)—2 In a] (2 
° 11.31 d,dy ) 





where A; and A, are the areas and d, and d, are the thicknesses of 
the individual specimens making up the test unit, d is the average 
of d; and d,, r is the average of r; and 72, which are the radii of the 
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Figure 6.—Set-up for measuring the “‘1-minute’’ conductance. 


To make a measurement, the specimen is shorted, the shunt set at the lowest ratio, the reversing switch 
closed, and the deflection of the galvanometer noted when K2is closed. The deflection of the galvanometer 
is also noted when the reversing switch is thrown in the opposite direction. Call the average deflection 
dm, the shunt ratio X,,, and the potential applied Vm. Next open the shorting key and obtain an average 
deflection as before, changing the shunt ratio until a readable deflection is obtained and using a higher 
potential if desired. The specimen must be shorted for two minutes between readings. Call the deflec- 
tion at the end of one minute after the potential is applied dz, the potential Vz, and the shunt ratio X;. 
The conductance G is then given by the equation. 
gat 


small electrodes of the two specimens, x is 1, where t is the total thick- 


ness of the two middle electrodes, and In signifies the natural loga- 
rithm." The dimensions are to be expressed in centimeters. This 
equation takes into account the edge effect, which is small. 

As the computation of C, and hence of A from measured dimen- 
sions is impracticable for test units having perforated electrodes, 
these test units were not used for primary determinations of the 
dielectric constant, but values of the dielectric constant were deriv 
indirectly from measurements with them, a shape factor being deter- 


1A. Gunthershulse, Measurement of the Dielectric Constant and Dipole Moment, Handbuch der 
Physik., vol. 16, chap. 20. 
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mined for each test unit at 25° C. This shape factor was obtained 
from measurements of the capacitance of two test units of the same 
composition, one having ordinary electrodes and the other perforated 
electrodes. The dielectric constant of the rubber was calculated 
from the measurements on the test unit having ordinary electrodes. 
This value was used in conjunction with the capacitance of the test 
unit having perforated electrodes to obtain its shape factor The 
test units having perforated electrodes were used for measurements 
over a wide range of temperature and frequency, and the shape fac- 
tors, corrected for the thermal expansion of the rubber, were used 
for the calculation of the dielectric constant 


3. CONDUCTANCE 


The conductance G@ of a test unit was determined by measuring, 
with a suitable apparatus, the current which flowed through the 
specimen under an applied electromotive force of known value. 
Since the value obtained for the conductance depended on the elapsed 
time between the application of the electromotive force and the meas- 
urement of the current, two different time intervals were used in this 
investigation—1 minute, which is the usual time in measurements of 
this sort, and a much shorter interval (about 0.002 second). The 
set-up for measuring the conductance at the end of 1 minute, which 
may be designated as the “‘l-minute” conductance, was the same as 
that described previously,” a self-explanatory diagram of which is 
shown in figure 6. 

The “short-time” conductance; that is, the conductance obtained 
at the end of about 0.002 second, was measured with the aid of a 
Helmholtz pendulum, as shown diagrammatically in figure 7. 

Although the time interval between the actions of S, and S, was 
usually 0.001 second, in some instances the conductance was so high 
that the galvanometer would deflect off the scale when this time 
interval was used, and in other instances the conductance was so low 
that the galvanometer deflection was too small to read. The deflec- 
tion was made readable by shortening or lengthening the time interval 
between the actions of S, and S;, although this affected the results, 
since the current was changing with time. For the highest conduct- 
ance, this time interval was reduced to 0.0005 second, and the values 
obtained were higher than would have been obtained if the usual 
time interval had been employed. For the lowest conductances, 
the time interval was increased to 0.005 second which made the 
results lower than they would have been had the usual time been 
employed. However, the results are usable since high accuracy 
cannot be obtained in such measurements. All the “‘short-time”’ 
conductivity measurements are tabulated as though they were 
measured at 0.002 second after the potential was applied. 


4. CONDUCTIVITY 


The conductivity y of the material of a test unit was obtained by 
means of the equation 


y= BG (3) 


LS 
"H. L. Curtis and A. T. MePherson, Dielectric Constant, Power Factor, and Resistivity of Rubber 
and Gutta-Percha, B.S.Tech. Papers, vol. 19, p. 669. The set-up here referred to is described on p. 678. 
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where G is the conductance of the test unit and B the shape factor for 
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Ficure 7.—Set-up for measuring ‘‘short-time’’ 
conductance. 


The “‘short time’’ conductance is measured with the aid of a Helm- 
holtz pendulum. The specimen is connected into the circuit and the re- 
versing switch closed. When the pendulum is released, it first strikes the 
prop from under §;, allowing this switch to close. The pendulum then 


strikes S; 0.0015 second later and opens it, which allows the current to 
flow through the galvanometer. he pendulum opens S3 a predeter- 
mined time later (usually 0.001 second). ‘The current which flows through 
the galvanometer between the openings of S; and S; gives a ballistic throw 
to the galvanometer. The conductance G is given by 
q—Ka 
ET 
where K is the galvanometer constant, d is the ballistic deflection, E is 
the potential applied, and 7’ is the time between the actions of S; and S83. 


conductivity. The 
shape factor for con- 
ductivity is connect- 
ed with the shape 
factor for dielectric 
constant by the 
equation 
A 
“7 = 


where A is the shape 
factor for dielectric 
constant when the 
capacitance is meas- 
ured in micromicro- 
farads. The shape 
factor for conductiy- 
ity for each test unit 
at each temperature 
was obtained from 
the corresponding 
shape factor for the 
dielectric constant. 


5. ACCURACY OF 
DETERMINATIONS 


The accuracy 
which can be as 
signed to-the electri- 
cal constants of rub- 
ber of a definite com- 
position depends not 
only on the accuracy 
with which the elec- 
trical and mechani- 
cal measurements 
can be made on a 
particular specimen, 
but also on the accu- 
racy with which spec- 
imens of a given 
composition can be 
reproduced at differ- 
ent times and from 
different lots of crude 
rubber. The accu- 
racy of the measure- 
ments will be dis 
cussed in this section, 


while the reproducibility will be touched on briefly in subsequent 


divisions of the paper. 
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(a) EFFECT OF ERRORS IN DIMENSIONAL MEASUREMENTS 


As already stated, the probable errors involved in the dimensional 
measurements are of the order of 1 or 2 percent. These impose the 
chief limitation on the accuracy of the dielectric constant measure- 
ment. Conductance measurements, on the other hand, are subject 
to errors, common to this type of measurement, of such magnitude 
that the accuracy of dimensional measurements is of relatively small 
importance. Power factor determinations are, of course, independent 
of the dimensions of the specimens. 


(b) POSSIBLE SOURCES OF ERROR IN ELECTRICAL CONNECTIONS AND 
MEASUREMENTS 

In the measurement of capacitance care was taken to make the 
bridge errors as small as possible. The substitution method was 
used to eliminate from the measurements the capacitance between 
pieces of apparatus and between apparatus and ground. The errors 
in the bridge itself were considered to be negligible in comparison with 
other errors in the determination of dielectric constant. 

It was necessary to make a correction for the capacitance of the 
leads which extended from the test unit to the outside of the constant 
temperature bath. The lead capacitance was not determined each 
time, but the average of a large number of determinations was taken 
as the capacitance of each lead. This average value did not differ 
from the measured value in any case by more than 5yyf which 
corresponds to a maximum error of 0.4 percent in the determination 
of the capacitance of a test unit. The method of determining the 
lead capacitance is described in the legend under figure 4. 

A possible source of error in the determination of the capacitance of 
a test unit resided in the fact that the individual members of the test 
unit did not necessarily have their small electrodes precisely in juxta- 
position.’ But from the procedure used in assembling a test unit, it is 
unlikely that the centers of the small electrodes were out of line by as 
much as 1 mm. An eccentricity of this amount would give a maxi- 
mum error of 0.3 percent. As a matter of fact when several test units 
were repeatedly taken apart, reassembled, and remeasured, the 
maximum variation in the capacitance which was observed was never 
greater than 0.2 percent. 

Contact resistances in the circuit were a potential source of error 

in the capacitance and power factor measurements. At the lower 
frequencies the errors due to any such resistances as may have been 
present were negligible, but at radio frequencies it was necessary to 
take special precautions to see that these resistances were so small that 
they did not cause any appreciable error. For these frequencies, all 
the metal parts were scraped before connections were made, and metal 
filings were put between each electrode and its connecting plate. 
_ No guard rings were used in making any of the measurements, but 
it was unlikely that any significant errors arose from their omission 
because the specimens were kept in an atmosphere of low relative 
humidity while being measured. 


(c) INDEPENDENT DETERMINATION OF DIELECTRIC CONSTANT 


A check was made on the determination of the dielectric constant 
of a few compounds at 25° C. by using an entirely different method 
for ascertaining it. The method consisted in measuring the dielectric 











190 


constant by means of a parallel plate capacitor with a guard ring, 
Care was taken to have the guavd ring at all times as near the potential 
of the guarded plate as possible. Measurements were made on a 
sheet of rubber prepared from the same batch as a pair of specimens 
which constituted a test unit. The sheet of rubber was placed 
between the parallel plates of the capacitor and an air gap was left 
between the sheet and the upper plate. The bridge containing this 
capacitor was then balanced. The rubber sheet was removed from 
between the plates and the bridge was again brought to balance by 
changing the distance between the plates. The change in distance 
between the plates was determined by making readings on an en- 
graved scale with a telescope and micrometer eyepiece. The dielectric 
constant was then obtained from the equation 





ai t P 
Ko @-@") (5) 
where ¢ is the thickness of the sheet of rubber and (d’—d’’) is the 
change in distance between the plates. Values of the dielectric 
constant obtained by this method agreed to within 2 percent with 
those obtained by the other method. 


(d) EFFECT OF THE CONDITION OF ELECTRODE SURFACES 


Some experiments were made to determine whether or not the 
condition of the electrode surfaces had any appreciable effect on the 
measured values of the capacitance and power factor. Such an effect 
has been reported for aluminum electrodes.% Several specimens were 
made up with aluminum electrodes which had been anodized (oxy- 
dized) like those used in that work. No appreciable difference was 
found between the values of the dielectric constant and power factor 
obtained with such electrodes and those obtained with ordinary 
electrodes. 


VI. VALUES OF ELECTRICAL PROPERTIES 


The measurements on rubber-sulphur compounds which are here 
reported show the effect of composition, temperature, and frequency 
on the electrical properties. From an experimental standpoint the 
results fall into two general groups. In the first group are the 
measurements at 25° C. on specimens having ordinary electrodes. 
In the second group are the determinations which were made over 
a range of temperatures and frequencies on specimens having per- 
forated electrodes. The second group of measurements are dependent 
on the first since a shape factor was obtained from capacitance deter- 
minations on specimens of identical composition having the two types 
of electrodes. 

There is a further difference between the two groups of measure- 
ments in that the values reported for the electrical properties in the 
first group represent, in most cases, averages of several determina- 
tions, while those reported in the second group represent single 
determinations. 

13 H. J. Curtis, The Dielectric Constant of Liquid Sulphur, J. Chem. Phys., vol. 1, p. 160; February 
1932. Curtis obtained temperature curves of dielectric constant and power factor similar to those which 


weve obtained for rubber, but the values were not the same on different runs. When the aluminum elec 
trodes were anodized, quite different curves were obtained which could be readily reproduced. 
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The primary measurements, which constitute the first group of 
results, were made at a single temperature, 25° C., and at a single 
frequency, 1,000~, and consequently these data can be summed up in 
one table or figure. The comparative measurements, however, were 
made at a number of temperatures and at several frequencies. To 
express these results concisely, tables and figures are given showing 
the relation of the electrical properties to two simultaneous vari- 
ables—composition and temperature. The effect of the third vari- 
able, frequency, is shown by giving separate tables and figures for 
each frequency. 


1. ELECTRICAL PROPERTIES AT 25°C 


Electrical measurements at 25° C. were made on compounds of 
purified rubber and sulphur covering the range from unvulcanized 
rubber to completely vulcanized hard rubber. Twenty-two different 
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FicurE 8.—Relation of the dielectric constant, power factor, and ‘‘1-minute’’ con- 
ductivity of rubber-sulphur compounds to the percent of sulphur. 


a factor is given in units of 1X10-° and the “1-minute” conductivity in units of 1x10-” 
compositions were employed, these being spaced at intervals of 0.5 to 
2.0 percent sulphur so as to precisely define the changes in electrical 
properties with composition. From 1 to 16 different test units or 
pairs of specimens of each composition were prepared and measured, 
the average number being 7. Dielectric constant and power factor 
measurements were made at 1,000~ and the conductance measure- 
ments were made 1 minute after the application of potential to the 
specimen. 

The results are summarized in table 1 and are shown graphically in 
figure 8, in which the three electrical properties are plotted as functions 
of the composition expressed as percent of sulphur. Each of the 
properties has characteristic features, but it should be noted that each 
has a maximum at some composition. 


(a) DIELECTRIC CONSTANT 


The dielectric constant of unvulcanized rubber was found to be 2.37. 
ith increasing sulphur content the dielectric constant increased 
almost linearly to a maximum of about 3.75 in the neighborhood of 
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11.5 percent sulphur. With larger sulphur content, it decreased 
rapidly and reached a minimum of 2.70 at about 22 percent sulphur, 
Above 22 percent sulphur, there was a slow increase in dielectric con- 
stant and a value of 2.82 was observed for rubber containing 32 per- 
cent sulphur. 

The average deviation of individual dielectric constant determina- 
tions from the mean of those of the same composition, made under 
identical conditions, was less than 1 percent in the majority of cases, 


TaBLE 1.—Dielectric constant, power factor, and conductivity of compounds of 
purified rubber and sulphur at 25° C. 
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12 other values were discarded because 1 was unreasonably high and the other unreasonably low. 
(b) POWER FACTOR 


The power factor of unvuleanized rubber was 1.6 X 107%. There was 
a slow decrease in power factor up to about 4 percent sulphur, and 
above this composition the increase became relatively rapid until a 
maximum of 93.8107? was reached at about 13.5 percent sulphur. 
With further increase in sulphur content, the power factor decreased 
rapidly and reached a minimum value of 2.6 X 107° at about 23 percent 
sulphur. Throughout the range of hard-rubber compounds the power 
factor increased slowly and attained a value of 5.1 X 10~* for 32 percent 
sulphur. 

The average deviation of power factor determinations from the 
mean of each composition amounts to as much as 30 percent in some 
instances and is 11 percent for the group as a whole. Since probable 
errors in measurement amount to less than 5 percent for the lower 
power factors and to less than 1 percent for the higher power factors, 
this deviation from the meanjmay be attributed to the possible effect 
ofgincidental impurities which, in small proportion, may materially 
alter the power factor of{a dielectric. 
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(c) CONDUCTIVITY 


The curve relating ‘“1-minute” conductivity to composition is 
similar to the curve for the power factor in that both show similar 
sharp and high maxima. The conductivity of unvulcanized rubber 
is 2.3X107-"’ mho/em. This decreases with increasing sulphur con- 
tent and reaches a minimum value of 0.5 x 10-" at about 12 percent 
sulphur. Above this minimum a sharp increase takes place and at 
18 percent sulphur there is a maximum conductivity of 38107". 
Beyond the maximum there is an equally sharp decrease so that at 
22 percent sulphur the conductivity is only 1x10~-". Above this 
point, throughout the hard-rubber range, the conductivity increases 
very slightly. 

The variation in conductivity between individual samples of the 
same composition is considerable, as would be expected from the 
nature of the results that are obtained in conductivity measurements 
on dielectrics in general. This variation is as much as 70 percent in 
one instance, and is, on the average, 31 percent. A negligible part 
of this variation is doubtless attendant on circumstances having to 
do with the dimensional or electrical determinations, but most of it 
is probably due to slight accidental variations in the composition of 
the rubber. 

2. MEASUREMENTS AT —75° TO 235° C 


The measurements which were carried out to determine the effect 
of temperature and frequency on the electrical properties covered the 
range from —75° to 235° C. at intervals of about 10° and were made 
at five frequencies, namely, 60, 1,000, 3,000, 100,000, and 300,000 ~. 
The conductivity was measured at two time intervals after the appli- 
cation of potential, namely, 0.002 second and 1 minute. The com- 
positions on which the measurements were made covered the range 
of possible rubber-sulphur compounds at slightly wider intervals than 
the previous series of measurements at 25° C., there being 14 instead 
of 22 different percentages of sulphur. As has been indicated pre- 
viously, these specimens were all made with perforated aluminum 
sheets as electrodes, and, instead of measuring the thickness and area, 
a shape factor was determined and was used in computing the dielec- 
tric constant and conductivity values. 

For specimens containing not over 12 percent of sulphur, the test 
units used above 25° C. were not the same as those used below 
25° C., but for higher percentages of sulphur each test unit was used 
throughout the entire range of temperature. 

Only a single pair of specimens constituting a single test unit of 
each composition was used, but the consistency of the change in 
electrical properties with temperature and frequency affords a rea- 
sonable indication that there were no large experimental errors. 

Measurements are here reported for temperatures between —75° C. 
and the highest temperature at which accurate measurements could 
bemade. The lower limit was fixed by the lowest temperature which 
could be readily maintained with carbon dioxide snow. The upper 
limit was different for different samples, depending either on the 
decomposition of the sample during the time the observations were 
in progress, on its change in shape because the sample began to flow, 
or on its increase in conductivity. The samples were generally meas- 

205—33—3 
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ured at temperatures higher than herein reported, the upper limit for 
reporting results being fixed after the measurements were completed, 

In determining the temperature at which a sample had deteriorated 
to a point where the results should not be reported, the decision was 
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Fiacure 9.—Isograms of dielectric constant of rubber measured at 60 ~, 
Each line connects points having equal values of dielectric constant. 


A is the temperature limit set by the flow of the specimen. BP is the temperature limit set by the decom- 
position of the specimens. C is the temperature limit set by the high conductance. 


aalll 








LSOGRA/TS OF 


DELLC7E/C_CONSJANT | 
A7 /000% 

































} 
| 
| 
| 
| 



































O75E50 -25. O25 50 75 100 [25 150 175 LOB 225 250, 
TEMPERATURE 


Ficure 10.—IJsograms of the dielectric constant of rubber measured at 1,000 ~. 


For meaning of symbols see figure 9. 





made that, when a sample had lost an amount of sulphur equal to 0.3 
percent of the original weight of the sample, it was no longer rep- 
resentative. Using the results of Cummings," the temperatures were 


4A. D. Cummings, Effect of Temperature on the Evolution of Hydrogen Sulphide from Vulcanized 
Rubber, B.S.Jour. Research, vol. 9 (R P464), p. 163; 1932. 
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determined at which the samples of each composition would lose 
this amount of sulphur under the conditions at which the electrical 
measurements were made; namely, increasing the temperature in 
steps of 10° or 20° and maintaining the specimens at each tempera- 
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Ficure 11.—IJsograms of the dielectric constant of rubber measured at 100,000 ~. 
For meaning of symbols see figure 9. 


ture for 8 hours. A change in shape caused by the flowing of the 
material of the sample affected only the one having 0 percent 
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Ficure 12.—Jsograms of dielectric constant of rubber measured at 300,000 ~. 
For meaning of symbols see figure 9. 


sulphur. It is known that such material flows readily at temperatures 
above 105° C. <A temperature limit was imposed by the increase in 
the conductivity of certain samples because neither it nor its accom- 
panying power factor could be measured without a redesign of the 
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apparatus, which did not seem to be necessary. The figures show 
which one of these causes decided the upper limit. 

The effect of the temperature on the relation between electrical 
properties and the composition is shown by the use of contour charts 
in which temperature and composition are abscissa and ordinate, 
respectively, while the electrical properties are represented by 
isograms which may be visualized as the contour lines of a solid model, 
The subsequent discussion will refer to the charts as representations 
of such models. While the model for each property has distinctive 
features, they have one feature in common, namely, a prominent 
diagonal ridge in which each property goes through a maximum. 


(a) DIELECTRIC CONSTANT 


The variation of the dielectric constant with composition and tem- 
perature is shown in five tables (2 to 6), each table giving the results 
at a different frequency. The corresponding isograms are shown 
in figures 9 to 12. The results at 3,000 ~ are not shown graphically 
because of close similarity to results at 1,000 ~. 


TABLE 2.—Dielectric constant of compounds of purified rubber and sulphur at 
60 cycles per second 
































Percent of combined sulphur 
Temperature 

(in ° C.) l | 
o | 2{4 ]61] 8 | 10 | 12] 14] 18 | 20] 23 | 6 | 20] w 
E To eas as Paes 
EAA 2.45 | 2.45 | 2.53 | 2.58 | 2.58 | 2.56 | 2.62 | 2.62 | 2.63 | 2.66 | 2.65 | 2.69 | 2.71 | 2.7% 
aisha distaste eT oe Ber eee ee Pee eS a ee ee ee ere eee Pee 
aan yaa 2.43 | 2.45 | 2.52 | 2.57 , 2.57 | 2.56 | 2.61 | 2.63 | 2.65 | 2.69 | 2.68 | 2.72 | 2.73 | 275 
CE a akncsucamule wage Fe See fe Aes Be SY eee eee ee ee eee ae 
PDB inmicaisoaiisabes 2.50 | 2.73 | 2.80 | 2.68 | 2.57 | 2.55 | 2.60 | 2.64 | 2.67 | 2.70 | 2.70 | 2.74 | 2.76 | 278 
a ee Y FES SES G24 FPS Y FO. 5 ae ee ee ee ae een, CO 
oo re 2.52 | 2.79 | 3.09 | 3.25 | 2.98 | 2.68 | 2.64 | 2.64 | 2.67 | 2.70 | 2.70 | 2.76 | 276) 27 
ID iiunccteiiedieote Ty Peer Bet BES ORT SESS Ss BEY Bes Se Sse See eee Pee 
_ ee 2 2.40 | 2.74 | 3.07 | 3.36 | 3.59 | 3.57 | 3.22 | 2.79 | 2.68 | 2.71 | 2.71 | 2.76 | 2.78 | 281 
| ee 2.37 | 2.70 | 2.98 | 3.28 | 3.57 | 3.80 | 3.86 | 3.37 | 2.70 | 2.71 | 2.71 |_----- [annnseleneee 
a 2.36 | 2.67 | 2.93 | 3.21 | 3.51 | 3.78 | 4.04 | 3.92 | 2.84 | 2.74 | 2.74 | 2.77 | 2.81) 2.84 
— a eee 2.37 | 2.65 | 2.90 | 3.16 | 3.47 | 3.73 | 4.01 | 4.15 | 3.21 | 2.80 | 2.73 | 2.77 |-.-..-)..... 
— eae 2.36 | 2.62 | 2.87 | 3.13 | 3.41 | 3.67 | 3.95 | 4.19 | 3.86 | 3.06 | 2.74 | 2.77 | 2.79 | 283 
— ee Eee See Sees ee ee eee eee 4.13 | 4.37 | 3.67 | 2.85 | 2.79 |_....-)...., 
_ aR ees ie 3 Seems 2.82 | 3.05 | 3.31 | 3.54 | 3.81 | 4.09 | 4.49 | 4.17 | 3.02 | 2.81 | 2.83 | 285 
ee ee Cee Sees eee En Ree een 4.01 | 4.45 | 4.50 | 3.61 | 2.92 | 2.83 | 2.87 
Diiicaseshook ewe 2.35 | 2.58 | 2.79 | 3.00 | 3.22 | 3.44 | 3.68 | 3.95 | 4.39 | 4.57 | 4.22 | 3.22 | 2.87) 280 
ee ae a a 3.89 | 4.31 | 4.53 | 4.56 | 3.80 | 2.96 | 2.93 
eee 2.36 | 2.56 | 2.74 | 2.92 | 3.13 | 3.33 | 3.56 | 3.81 | 4.22 | 4.45 | 4.64 | 4.41 | 3.09 | 3.08 
|| ee eee See See ee ee See Se eee en! merersee emer 4.59 | 4.63 | 3.75 | 3.42 
ee eee 4.73 | 4.43 | 4.13 
Te! ee SO seen ee: Hey eee. Ee, eee ee ear, eRe: aN 4.63 | 4.63 | 4.58 
Se ee 4. 56 | 4. 66 |.-... 
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Ww TABLE 3.—Dielectric constant of compounds of purified rubber and sulphur at 
1,000 cycles per second 
i Percent of combined sulphur 
ts Temperature 
Q (in ° C.) 
’ 0 2 4 § 8 10 12 14 18 20 | 23 26 29 | 32 
yy ee AR Be 
1. ct oes 2.42 | 2.43 | 2.51] 2.56 | 2.55 | 2.54] 2.59] 261 | 2.62 | 2.64 | 2.63 | 2.66 | 2.68 | 2.71 
18 <~ RRRRRST 8 RES RE Be ee ee eee fe ees he ee Se ee ee 
s a eke | 2.42 | 2.44 | 2.51 | 2.57 | 2.56 | 2.55 | 2.60 | 2.62 | 2.64 | 2.66 | 2.65 | 2.68 | 2.70 | 2.76 
ee Se 7 eT e eT Te eye ee ee Ee ee Pe Rae Pe Oe Pe 
it 2 eae 2.50 | 2.55 | 2.59] 2.59 | 2.56] 2.56 | 2.61 | 2.62 | 2.65 | 2.68 | 2.67 | 2.71 | 273 | 27 
oC ae oe O65.) 2.08 1. So t8 0 2 Oe ah od sk. sks. -|...22.) 5050 
MR, ge nncaw 2.52 | 2.75 | 2.93 | 2.90 | 2.69 | 2.60 | 2.62] 2.63 | 2.66 | 2.69 | 2.68 | 2.73 | 2.74 | 2.77 
i i eae O51 | 2761 Be | 3.17 | $001 2 7613 8 2 Ot 28 So 0... |. -).-_-f__._. 
an ie ton: 2.40 | 2.73 | 3.04 | 3.28 | 3.32 | 3.06 | 2.83 | 2.69 | 2.67 | 2.71 | 2.70 | 2.74 | 2.76 | 2.79 
ae eS 3.87 1 200 12:07 13.37 131 3.021 320 | 298] 268 | 2.70 | 270 |......|......}..... 
- Re Bees = 2.37 | 2.66 | 2.92 | 3.20] 3.48 | 3.67 | 3.74 | 3.37 | 2.76 | 2.73 | 2.73 | 2.76 | 2.79 | 2.82 
ts aera 2.35 | 2.64 | 2.88 | 3.15 | 3.44] 3.68 | 3.88 | 3.77 | 2.91 | 2.76 | 2.72 | 2.76 |_____- 
a: 2.34 | 2.61 | 2.85 | 3.11 | 3.39 | 3.64 | 3.88 | 3.98 | 3.25 | 2.86 | 2.72 | 2.76 | 2.78 | 2.81 
ail LS to Re Ne oe Re UL 3001 305 | 4.061 8.76 | 3.34) 277 | 277 |j.-.-.-|_.-.. 
ly 65... _.| 2.33 | 2.57 | 2.80 | 3.04 | 3.30 | 3.53 | 3.79 | 4.04] 4.10 | 3.55 | 2.87 | 2.78 | 2.80 | 2.88 
| ES POE: NER RES AE be ES) PRS 3.99 | 4.26 | 4.03 | 3.15 | 2.86 | 2.82 | 2.85 
° aE: _...| 2.33 | 2.57 | 2.78 | 2.99 | 3.21 | 3.43 | 3.67 | 3.93 | 4.30 | 4.29 | 3.55 | 3.00 | 2.84 | 2.86 
RRS: aS RSS FES SR ORS EES ae 3.86 | 4.26 | 4.38 | 4.05 | 3.31 | 2.90 | 2.90 
at See 2.33 | 2.55 | 2.73 | 2.91 | 3.12 | 3.32 | 3.55 | 3.81 | 4.20 | 4.38 | 4.32 | 3.69 | 3.03 | 2.96 
PROS ee: AEE Re RT: ERE RES SNES. ae: RAY 4.34 | 4.43 | 4.15 | 3.31 | 3.15 
+a hae 2.51 | 2.67 | 2.85 | 3.05 | 3.23 | 3.44 | 3.67 | 4.05 | 4.27 | 4.45 | 4.43 | 3.80 | 3.55 
of IRS ER eee) eee ORS ES eS a ae ay 4.40 | 4.49 | 4.18 | 3.97 
eee Seen ee 2.47 | 2.62 | 2.79 | 2.98 | 3.15 | 3.35 | 3.58 | 3.94 | 4.16 | 4.35 | 4.50 | 4.44 ois 
— 156. ee AS A a) PPS Pe. ETE eae ee Eas, Ee eee a : 
29 168. Siaiocel BAS 1 SOLAS 3.06 | 3.25 | 3.47 | 3.81 | 4.02 | 4.19 |--.__- we 
195. sasfacsscal BOO 1 ROE 1 SOO Res | £06 1311.1 S86) 8:76 |... --|_--... |rvreoe [eee e+ 
— i | | | —-* 
. 75 
7 TaBLE 4.—Dielectric constant of compounds of purified rubber and sulphur at 3,000 
oe cycles per second 
78 
aims Percent of combined sulphur 
79 Temperature 
ai (in ° C.) | : 
0 2 4 6 8 10 12 14 18 20 23 26 29 | 32 
ae eee 2.42 | 2.43 | 2.&0 | 2.55 | 2.54 | 2.53 | 2.58 | 2.61 | 2.61 | 2.€3 | 2.61 | 2.65 | 2. 67 | 2.70 
83 . es Pee See ee ee ae ee ee ee a ae See i See 
. _ as 2.42 | 2.43 | 2.51 | 2.56 | 2.56 | 2.55 | 2.60 | 2.61 | 2.63 | 2.66 | 2.64 | 2.67 | 2.69 | 2.72 
D 85 —45__ d ee eee Ee Ae Ve ee ee ee ee ee Re Ree See 
. ae 2.47 | 2.48 | 2.54 | 2.57 | 2.56 | 2.55 | 2.61 | 2.62 | 2.64 | 2.67 | 2.66 | 2.70 | 2.71 | 2.74 
87 
+4 . ae Fo ae et gee. gee seo Fee MS Se ee ee eee Ca aan aciaaial 
2 93 ee 2.51 | 2.69 | 2.81 | 2.76 | 2.62 | 2.57 | 2.61 | 2.62 | 2.65 | 2.68 | 2.68 | 2.72 | 2.73 | 2.76 
3 08 -10_.. Jj 200 S98 t Se | S08 Sie 1S. 86 1 2061 268) 2868 | 288 1.....1......|_.....)_.-... 
3 42 e.. 2.40 | 2.73 | 3.02 | 3.20 | 3.11 | 2,90 | 2.74 | 2.66 | 2.66 | 2.69 | 2.79 | 2 73 | 2.75 | 2.78 
14. SRT | S081 308 | SOF 1 3.40 1 3.85) Bs) 2s | S67 | 30) 3 90...) 
4,13 
458 re 2.36 | 2.66 | 2.92 | 3.20 | 3.44 | 3.57 | 3.54 | 3.18 | 2.74 | 2.72 | 2.72 | 2.75 | 2.78 | 2.81 
fac 35... 2.34 | 2.62 | 2.87 | 3.13 | 3.42 | 3.63 | 3.79 | 3.53 | 2.83 | 2.74 | 2.71 | 2.75 j_----.|_.... 
a re 2,34 | 2.61 | 2.85 | 3.11 | 3.39 | 3.62 | 3.83 | 3.83 | 3.09 | 2.82 | 2.71 | 2.76 | 2.78 | 2.80 
ete | ES BRE: Se SS: Re Pee 3. 58 | 3.82 | 3.98 | 3.54 | 3.05 | 2.76 | 2.76 |.-..-.}...-.. 
poe Se 2.32 | 2.57 | 2.80 | 3.04 | 3.30 | 3.53 | 3.78 | 3.98 | 3.88 | 3.35 | 2.84 | 2.78 | 2.80 | 2.82 
DR ai cab cick, ol secede cm scales cto en cata ee leis aracl sical 3.96 | 4.15 | 3.81 | 3.06 | 2.84 | 2.81 | 2.84 
_ a 2.33 | 2.56 | 2.78 | 2.99 | 3.21 | 3.42 | 3.67 | 3.92 | 4.24 | 4.10 | 3.36 | 2.95 | 2.83 | 2.85 
ENOTES REESE RES SS RRR: 1 Ae aS 3. 86 | 4.22 | 4.28 | 3.77 | 3.17 | 2.88 | 2.89 
_ sae 2,32 | 2.54 | 2.73 | 2.91 | 3.12 | 3.33 | 3.56 | 3.81 | 4.19 | 4.33 | 4.13 | 3.51 | 2.99 | 2.96 
ES Se ee: Re Oe) Ae eee AT Oe eee 4,12 | 4.29 | 4.32 | 3.91 | 3.20 | 3.09 
. EES Bas 2.51 | 2.67 | 2.85 | 3.04 | 3.23 | 3.44 | 3.67 | 4.04 | 4.25 | 4.36 | 4.20} 3.56 | 3.35 
. Se eee ees EOE NES Se See See ae ee 4.20 | 4.36 | 4.38 | 3.94 | 3.73 
SS 2.47 | 2.62 | 2.78 | 2.97 | 3.14 | 3.34 | 3.58 | 3.94 | 4.15 | 4.33 | 4.44 | 4.28 |.___. 
ERED GTi: (RAMS Se eae Eee ne Le Rae Wee: ae a i | ae C5 eee See 
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TaBLE 5.—Dielectric constant of compounds of purified rubber and sulphur at 100,000 
cycles per second 
































Percent of combined sulphur 
Temperature — 
(in ° C.) 
0 2 4 6 8 10 12 14 18 20 23 26 29 32 

| 2.43 | 2.44 | 2.52 | 2.56 | 2.55 | 2.54 | 2.58 | 2.60 | 2.59 | 2.62 | 2.60 | 2.63 | 2.65 | 2.69 
(Ris Sattnceweils eR REE’ REY FRR BES FEY 862 | a eee eee See eee eo 
ee ee OEE Bey eee Fey eee eee eee eee ee eee eee See 
. 2.2 ar” See ee ae a SEE ee 2.61 | 2.62 | 2.65 | 2.63 | 2.66 | 2.68 | 2.70 
ee ee Ye REE PER CET Fh O58. 8k tf ee Bee Ae rere Creare: eee are 
Se eee GREY gee eee ges Se) 2 a ee eee ee ee See ae 
a cree WTB R R get Fee aay RR PS ae See eee eee See Cee Men 
ce _ eo URS eee See Re eee eS ee ee ee ee ore eee = 

SOAR EAE 2.39 | 2.64 | 2.7 2.74 | 2.65 | 2.60 | 2.62 | 2.62 | 2.64 | 2.68 | 2.67 | 2.71 | 2.73 | 2.76 
| SEE SEE: 2.37 | 2.68 | 2.92 | 2.96 | 2.84 | 2.72 | 2.70 | 2.67 | 2.66 | 2.69 | 2.69 | 2.72 | 2.74 | 2.77 
Se ee 2.36 | 2.69 | 2.98 | 3.08 | 3.05 | 2.91 | 2.83 | 2.75 | 2.68 | 2.70 | 2.70 | 2.74 | 2.75 | 2.78 
a ee 2.36 | 2.63 | 2.87 | 3.07 | 3.22 | 3.18 | 3.05 | 2.89 | 2.72 | 2.71 | 2.€9 | 2.73 | 2.75 | 2.7 
ee 2.34 | 2.61 | 2.85 | 3.07 | 3.29 | 3.35 | 3.29 | 3.04 | 2.79 | 2.74 | 2.71 | 2.74 | 2.76 | 2.79 
ee ES NEE EE. RES 2.83 | 3.06 | 3.29 | 3.43 | 3.47 | 3.29 | 2.91 | 2.81 | 2.73 | 2.75 |___-- oan 
eS | 2.34 | 2.58 | 2.81 | 3.04 | 3.28 | 3.45 | 3.58 | 3.49 | 3.07 | 2.90 | 2.78 | 2.76 | 2.78 | 2.81 
___ EE SR ae! Sree aes 2 3.25 | 3.44 | 3.62 | 3.64 | 3.28 | 3.04 | 2.84 | 2.79 | 2.79 | 2.82 
ae eee 2.23 | 2.57 | 2.79 | 2.99 | 3.20 | 3.40 | 3.61 | 3.73 | 3.56 | 3.27 | 2.95 | 2.85 | 2.81 | 2.84 
95_- Pay. ER ER Ee A 3.37 | 3.58 | 3.75 | 3.75 | 3.48 | 3.09 | 2.93 | 2.84 | 2.86 
7a 2.32 | 2.55 | 2.73 | 2.92 | 3.13 | 3.33 | 3.53 | 3.74 | 3.86 | 3.70 | 3.28 | 3.04 | 2.90 | 2.90 
Ia Pe eee: Meee: eee! BARRE 3.27 | 3.49 | 3.71.] 3.93 | 3.87 | 3.50 | 3.18 | 2.97 | 2.95 
ae ie Joe | 2.51 | 2.67 | 2.85 | 3.05 | 3.24 | 3.45 | 3.73 | 3.95 | 3.97 | 3.72 | 3.36 | 3.08 | 3.04 
+ Ae ee EA SS ee ae ae 3.63 | 3.93 | 4.02 | 3.89 | 3.56 | 3.23 | 3.17 
EE | 2.47 | 2.62 | 2.79 | 2.98 | 3.15 | 3.35 | 3.59 | 3.90 | 4.03 | 4.00 | 3.77 | 3.44 |__... 
ircGtbaaenaicias = ED tenes REE Keene Seen PSS ee See 4.02 | 4.07 | 3.97 |_-.--- Zs 

| | 

ee Bore | 2.43 | 2.57 | 2.72 | 2.91 | 3.06 | 3.25 | 3.49 | 3.81 | 3.99 | 4.00 j--..--]-.----]..22. 
PRET ee: Oe gee gee pet Es VES See FES fee ee ee eee eee 
ae eens - ibinapenmtanted klein’ ean <eboeiet ae 3 gt \ | ae ae Ae fae ‘ 
OT Ree: ee Rete eats A: RE DRA Ek RE SES RE AC Sea 5 
ae | sscmiaoitgel -E pee epee FF Fh” Fe.) ee ee ee eee See See ee 





























TaBLE 6.—Dielectric constant of compounds of purified rubber and sulphur at 300,000 
cycles per second 


Temperature 
(in ° C.) 
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Percent of combined sulphur 
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All of the charts have as a prominent feature the diagonal ridge 
which was mentioned previously. This ridge increases in height from 
low to high percentages of po ur. On the low temperature side 
of the ridge, there is a steep slope which falls away to an almost level 
area. This level area represents a region in which the dielectric con- 
stant changes little with composition and temperature. On the high 
temperature side of the ridge, the slope is gradual and fairly uniform. 
In this region the dielectric constant decreases with rising tempera- 
ture and increases as the percentage of sulphur becomes larger. 

A change of frequency changes the height and position of the maxi- 
mum or ridge, an changes the steepness of the slope on the low sul- 
phur side of the ridge. Increasing the frequency has the effect of 
shifting the maximum to lower percentages of sulphur and to higher 
temperatures. Or, in other words, with increasing frequency, the 
diagonal ridge is displaced toward the right of the chart. The height 
of the maximum becomes less as the frequency is increased—that is, 
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Fiaure 13.—Effect of frequency and temperature on the dielectric constant of rubber- 
sulphur compounds containing 4, 12, and 23 percent sulphur. 





the rate of change of the dielectric constant with composition and 
temperature is less rapid the higher the frequency. The regions on 
either side of the ridge are affected relatively little by changes in 
frequency. 

The composition-temperature relation shown in the isograms in 
figures 9 to 12 may also be represented for particular rubber-sulphur 
compounds, as in figure 13, where the dielectric constants at 60, 
1,000, and 100,000~are plotted against the temperature for com- 
pounds containing 4, 12, and 23 percent of sulphur. The relation 
of the curves for a single frequency indicates not only the manner in 
which, with increasing sulphur, the value of the maximum of the 
dielectric constant increases, but also how its position shifts to higher 
temperatures. It is on account of this shift in position that the 
curves for the compounds containing the highest percentages of sul- 
phur do not reach maxima below temperatures at which decomposi- 
tion becomes appreciable. These curves also show clearly how the 
maxima move to higher temperatures with increasing frequency. 
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The results which show the relation of power factor to composition 
and temperature are given in tables 7 to 11, there being 1 table for 


each of the 5 frequencies. Corresponding isograms are given in fig- 





(b) POWER FACTOR 
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Figure 14. 


Each line connects points having the same value of power factor. 
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A is the limit set by the flow of the specimen. 








C is the limit set by the high conductance of the specimen. 
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Figure 15.—Isograms of the power factor of rubber measured at 1,000 ~. 
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For meaning of symbols see figure 14. 


ures 14 to 17 for four of the frequencies, the chart for 3,000 ~ being 


/75 200 


Isograms of the power factor of rubber measured at 60 ~. 
The values are given in units of 


B is the limit set by the decomposition of the specimen. 





omitted because of its similarity to the chart for 1,000 ~. 


The charts are characterized by a prominent diagonal ridge, simi- 
lar in position to that for the dielectric constant. 





There are, how- 
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ever, two differences between the charts for the power factor and for 
the dielectric constant. Approximately level areas in which the 
power factor is little affected by changes in either temperature or 
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Figure 16.—Isograms of the power factor of rubber measured at 100,000 ~. 





For meaning of symbols see figure 14. 
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Figure 17.—Isograms of the power factor of rubber measured at 300,000 ~. 


For meaning of symbols see figure 14. 








composition occur not merely on one but on both sides of the ridge, 
and on the high temperature side of the chart there is the beginning 
of a steep upward slope which in some cases is not shown, as thermal 
decomposition sets the limit at a lower temperature. 
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TaBLE 7.—Power factor of compounds of purified rubber and sulphur at 60 cycles 


per second ! 


Percent of combined sulphur 
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Power facior of compounds of purified rubber and sulphur at 1,000 cycles 
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TaBLeE 10.—Power factor of compounds of purified rubber and sulphur at 100,000 


1 Multiply the values in this table by 10-° to obtain the power factors. 
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TABLE 11.—Power factor of compounds of purified rubber and sulphur at 300,000 
cycles per second } 
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1 Multiply the values in this table by 10-3 to obtain the power factors. 
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Figure 18.—The effect of frequency and temperature on the power factor of rubber- 
sulphur compounds containing 4, 12, and 23 percent of sulphur. 


A comparison of the isograms in figures 14 to 17 shows that a 
change in frequency has the same type of effect on the power factor 
that ityhas on the dielectric constant, in that the characteristic diag- 
onal ridge iszshifted toward the high temperature side of the diagram 
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with increasing frequency. The steepness of the slopes on both sides 
of the ridge becomes less with increasing frequency. Unlike the 
dielectric constant for the same compound, increase of frequency 
does not change the height of the maximum very much and appar- 
ently increases it rather than decreases it. 

The relation of power factor to temperature and composition may 
also be illustrated for particular compositions as in figure 18, where 
the power factors at 60, 1,000, and 100,000 ~ are plotted against the 
temperature for compounds containing 4, 12, and 23 percent sulphur. 
The height of the maximum at a single frequency increases rapidly 
with sulphur content up to about 12 percent of sulphur. Further 
increase of the sulphur content does not materially change the height. 
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FicureE 19.—Isograms of ‘‘1-minute”’ conductivity. 


Each line connects points having equal values of the conductivity. The values are given in mho/em. 
A is the limit set by the flow of the specimen. B is the limit set by the decomposition of the specimens. 
Measurements were not recorded below £E because of difficulties with the apparatus. 


The position of the maximum is shifted to higher temperatures as the 
sulphur content is increased. These curves also show the manner in 
which the maxima move to higher temperatures with increasing 


frequency. 
(c) CONDUCTIVITY 


The data pertaining to the effect of composition and temperature 
on the conductivity are given in the form of isograms, which are shown 
in figures 19 and 20, respectively. 

The chart for the “‘l-minute’”’ conductivity somewhat resembles 
similar charts for the power factor and dielectric constant in spite of 
the fact that it has been necessary to use a different kind of scale in 
spacing the isograms; that is, using a power of 10 between isograms 
instead of a fixed numerical difference. The diagonal ridge is fairly 
well defined. Along most of its length, it rises to an approximately 
uniform height of a little more than 10- mho/cm, but at its low 
sulphur end it goes to above 5X 10- mho/em at —50° C. There is 
a decided increase of conductivity with temperature above 25° C., 
and this increase makes difficult the location of the ridge at high per- 
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centages of sulphur. For many specimens, the conductivity at 
225° C. is 10,000,000 times that at 25° C. Since measurements were 
made on a single set of specimens, and small amounts of impurities 
may cause considerable variation in the conductivity, precise signifi- 
cance should not be attached to minor features or irregularities in the 
isograms. 

The ‘‘short-time”’ conductivity chart bears a closer resemblance to 
the power factor than to the ‘‘1-minute”’ conductivity chart. The 
diagonal ridge is high and well defined, and it has steep slopes. On 
either side is located an area of low conductivity where changes in 
temperature or composition produce little effect. At low tempera- 
tures and low percentages of sulphur, the ridge almost disappears, 
but with rising temperature and increasing sulphur content the ridge 
reaches a height of about 100 times that of the low conductivity area 
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Figure 20.—Isograms of ‘‘short-time’’ conductivity. 


Each line connects points having equal values of conductivity. The values are given in units of 1X10-!? 
mho/em. A is the limit set by flow of specimen. B is limit set by decomposition of specimen. D is 
limit set by range of apparatus. Measurements were not recorded below E because of difficulties with 
the apparatus. 


on either side. As in the case of the power factor, the upward slope 
becomes evident only at the very edge of the chart on the high tem- 
perature side. Its similarity to the chart of 60-cycle power factor is 
particularly marked. The ridge falls at the same place on both, sug- 
gesting a possible connection between the ‘‘short-time’”’ conductivity 
and the 60-cycle power factor. This will be studied further. 

A comparison of the “short-time” and the ‘‘ 1-minute”’ conductivities 
for one compound containing 12 percent of sulphur is shown on a 
semilogarithmic scale in figure 21. This figure indicates that the 
“short-time ”’ conductivity is considerably higher than the “ 1-minute” 
conductivity at ordinary temperatures, but that the two approach 
and become very nearly the same at the highest temperatures use 
in the measurements. Comparison of the two conductivities for other 
compositions led to similar conclusions. 
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VII. COMPARISON OF ELECTRICAL PROPERTIES OF COM- 
POUNDS OF PURIFIED RUBBER AND SULPHUR WITH 
THOSE OF CRUDE RUBBER AND SULPHUR 


A comparison of the results reported in this paper with those pre- 
viously reported for crude rubber indicates that purification of the 
rubber has only a relatively small effect on the dielectric constant and 
power factor, and a larger effect on the conductivity. The curves in 
figure 8 of this paper were made under the same conditions as the 
curves in figures 8, 9, and 10 of our previous paper giving results on 
crude rubber.” The curve of dielectric constant for compounds of 
purified rubber is slightly lower than the corrresponding curve for 
crude rubber except that the maximum value at about 11 percent of 
sulphur is the same (3.75) for the two. The values of the dielectric 
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FicgurE 21.—‘‘Short-time’’ and ‘‘1-minute’’ conductivities for a rubber containing 


12 percent of sulphur. 


constant for purified rubber specimens are, on the average, about 
0.06 lower than those of the corresponding crude rubber specimens on 
the low sulphur side of the maximum and about 0.08 lower on the high 
sulphur side of the maximum. The maxima of the two curves occur 
at the same composition for both. 

The power factors of the purified rubber specimens are lower than 
those of the corresponding crude rubber specimens except in the 
region of the maximum, where the power factor of the purified rub- 
ber appears to rise to a higher maximum than that of crude rubber. 
In the regions of low and of high percent of sulphur, the power factors 
of specimens of purified rubber are generally 30 to 50 percent less 
than those of crude rubber. 

The conductivity of purified rubber is not so readily compared with 
that of the previous work on crude rubber, since in the previous paper 
the resistivity was plotted instead of the conductivity. A comparison 
of values shows that the conductivity of crude rubber is from 5 to 


LS 
4 See reference in footnote 1, p. 411. 
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20 times as much as the corresponding specimens of purified rubber 
excepting in the region of the maximum where there seems to be 
little difference between the two. 

The values for the dielectric constant and power factor of crude 
rubber as determined by Kitchin * and by Kimura ” and his asso- 
ciates are appreciably larger than those herein reported. The curves 
which they give indicate that purification of the rubber does not change 
the temperature or the frequency at which either the dielectric con- 
stant or power factor is a maximum. 


VIII. SELECTION OF RUBBER COMPOUNDS FOR SPECIFIC 
USES 


The properties of rubber and its compounds with sulphur have a 
direct bearing on many practical problems because such sulphur 
compounds form the basis of virtually all commercial rubber products, 
While the commercial rubber products are usually compounded with 
fillers and other ingredients which affect the electrical properties of 
the product, the effects of these are superimposed on the basic 
properties of the rubber-sulphur compounds. 

If rubber of low dielectric constant is required, as for the insulation 
of submarine telephone or telegraph cables, an inspection of isograms 
in figures 9 to 12 indicates clearly that the best results are to be ob- 
tained with the lowest practicable proportion of combined sulphur. 
For example, at 25° C. and 1,000~ the rubber alone has a dielectric 
constant of 2.4; with 1 percent of combined sulphur, the dielectric 
constant is about 2.5, and with 3 percent of sulphur it is about 2.8. 
If a dielectric constant less than 2.8 is necessary, percentages of com- 
bined sulphur less than 3 percent must be used. _ If it is desirable that 
the insulation have the mechanical properties of the high sulphur or 
hard-rubber range, a dielectric constant as low as 2.75 can be obtained. 
The use of the minimum percent of sulphur in such cases is in accord- 
ance with recent developments in cable engineering,'* some of which 
have resulted from this investigation. 

When a low power factor is needed, the frequency used must be 
taken into account. At 60 ~ and 25° C., specimens containing up to 
8 percent of combined sulphur have power factors of less than 4 x 107, 
but the range of composition having this low power factor at 300,000 
~ lies below 1 percent of combined sulphur. About as low a power 
factor can be obtained with high sulphur content; that is, above 20 
percent at 60 ~. However, the power factor in this range of com- 
position increases but little with frequency rising to about 8 x 10~ at 
25° C. and 300,000 ~. 

The results show that purification of the rubber makes it possible 
to obtain soft rubber having as low conductivity as hard rubber, 
whereas if the rubber is not purified the soft rubber has much higher 
conductivity than the hard rubber. It is of advantage, then, to 
purify the rubber when a low conductivity is desired. If the rubber 
is purified, it makes little difference, as far as conductivity at 25° C., 
is concerned, what composition is used with the exception of the range 

16 Donald W. Kitchin, Studies in the Vulcanization of Rubber. Part V. Dielectric Constant and Power 


Factor of Vulcanized Rubber, Ind. & Eng. Chem., vol. 24, p. 549, May 1932. 


17 See footnote 2. 

18 H. E. Rowand, Part I, E. W. Davis and G. J. Crowdes; Part II: Submarine Telephone Cable. Elec- 
trician, 107, p. 721, November 1931. 

A. R. Kemp, Paragutta, A New Insulating Material for Submarine Cables, Bell System Techn. J., vol. 
10, p. 132, 1931. Jour. Frank. Inst., vol. 211, p. 37, 1931. 
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from 14 to 24 percent of sulphur where the conductivity is definitely 
higher. 

The conductivity of rubber does not necessarily increase with 
temperature as is usually assumed in the preparation of tables and 
formulas which are used in specifications for correction of tempera- 
ture. This is clearly shown by figure 19. It may either increase or 
decrease according to the temperature range used. For instance, the 
conductivity of a specimen containing 8 percent of sulphur decreases 
with temperature from 0° C. to about 20° C. and then increases as the 
temperature is increased above this. This indicates quite clearly the 
inadequacy of the usual formulas for correcting the conductivity or 
resistivity for differences in temperature. 


IX. CONCLUSION 


The electrical measurements given in this paper differ from those 
previously reported by the authors and by other investigators in that 
they were made on specimens prepared from purified rubber. The 
purification, which involved the removal of proteins, resins, and 
water-soluble salts, affected all the electrical properties to some extent, 
but did not alter the general character of the variation in electrical 
properties with composition, temperature, or frequency. 

The results of the present investigation afford comprehensive data 
on the electrical properties of rubber-sulphur compounds, and may 
form a basis for designing rubber compounds for specific electrical 
uses. They also demonstrate the inadequacy of the simple numerical 
coefficients that are sometimes employed to evaluate the changes 
in the electrical properties with temperature and frequency. 

A discussion of the results from the standpoint of modern dielectric 
theory is not included in the present paper, but is contemplated or 
a separate paper. 
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THE STANDARD-CELL COMPARATOR, A SPECIALIZED 
POTENTIOMETER 


By H. B. Brooks 


ABSTRACT 


The standard cell plays a very important role in the maintenance of the elec- 
trical units and in correlating the units of the various national laboratories. 
Modern standard cells have attained such a high degree of reproducibility and 
permanence as to warrant the use of apparatus of the utmost precision and reli- 
ability in their intercomparison. The paper describes a new potentiometer 
developed especially for this purpose. Although it actually measures the small 
difference between the known emf of a reference cell and that of the cell under 
test, it contains a simple mechanical computing feature which automatically 
adds this small difference algebraically to the emf of the reference cell and 
thereby indicates directly the value of the emf under measurement. The design 
of the instrument is such that no readjustment of its coils will be required when 
the impending changes in the ohm and the volt are accomplished. The new 
instrument has been given the distinctive name, ‘‘standard-cell comparator’’. 
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I. INTRODUCTION 


_ In the maintenance of the electrical units by the national standard- 
ing laboratories and the International Bureau of Weights and 
Measures very important roles are played by material electrical 
standards of two kinds, namely, the resistance standard and the 
standard cell. Not the least important of their functions is their use 
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for correlating the basic electrical units of various countries. Many 
cells and coils have been transported thousands of miles in order to 
determine the differences existing among these units and to give a 
definite basis for action when readjustment should become necessary, 
The question of suitable instruments and technique for the accurate 
intercomparison of these standards is therefore a matter of great im- 
portance. Bridges of various kinds are used for comparing resistance 
standards with extreme accuracy, and potentiometers constitute 
the accepted means for the comparison of standard cells. Potenti- 
ometers of the usual forms, as made for ordinary electrical measure- 
ments, have commonly been employed for this purpose, and when of 
suitable design and good construction and properly maintained, 
give results which have met the requirements very well. 

In recent years, however, the movement for the revision of the 
values of the electrical units has accentuated the demand for high 
precision and reliability in the intercomparison of primary standards, 
For example, it is desirable that the absolute measurements of current 
now under way in several national laboratories shall give results 
agreeing to 1 part in 100,000, when reduced to a common basis. To 
do this, it is desirable that each laboratory should know the values 
of its resistance standards and standard cells, in terms of its inter- 
national ohm and volt, to 1 part in 1,000,000. This in turn means 
that it would be desirable to hold down fortuitous errors in the 
comparison of its working coils and cells with those representing its 
units to one or two units in the next decimal place; that is, to 1 or 2 
parts in 10,000,000. The extension of the accuracy of a class of 
measurements by an additional decimal place requires recourse to 
refinements and precautions previously regarded as uncalled for. 

This paper describes a special potentiometer which is used in the 
standard-cell laboratory of the Bureau of Standards. In its design 
and construction all available precautions and refinements have been 
utilized in order that it shall meet the exacting requirements of the 
new era in the history of the electrical units. 


II. METHODS USED IN COMPARING STANDARD CELLS 
1. SUBSTITUTION METHOD 


In the usual substitution method the two electromotive forces to 
be compared are opposed successively to a controlled potential differ- 
ence. In the ordinary forms of potentiometer the control is accom- 
plished by varying a resistance r, through which flows a nominally 
constant current 7. Since the values of this resistance, 7; and 1, 
for the two cells differ only slightly, this method would be capable 
of very great accuracy if a sufficiently constant current were avail- 
able. It is at this point that the method fails to meet the present 
exacting demand for accuracy. The current from a storage cell tends 
to decrease slowly as the discharge proceeds, and is affected by changes 
of the temperature of the cell. The latter effect may be reduced or 
avoided by thermally insulating the cells or by keeping them in 8 
thermostat. The temperature coefficient of emf of a lead storage 
cell being approximately 0.01 percent per ° C., it is necessary to keep 
the temperature of the cell constant within 0.1° C. to keep the current 
constant to 1 part in 100,000, so far as temperature effects are con- 
cerned, This degree of constancy may be maintained, under favorable 
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conditions, by frequent checking and adjusting of the current, but is 
inadequate for the precise comparison of standard cells, for which one 
is obliged to use the opposition method. 


2. OPPOSITION METHOD 


In the opposition method the two cells to be compared are connected 
in series with their emf’s opposing each other, and the two free terminals 
are joined to a potentiometer with which the small difference between 
the two emf’s is measured. A relatively low accuracy of measurement 
of this difference gives a highly accurate value for one of the cells in 
terms of the other. This method has been known, used, and appre- 
ciated for years, but has some minor disadvantages which have caused 
other methods to be preferred when the highest accuracy is not re- 
quired. These disadvantages are, first, that the operator must deter- 
mine which of the two cells has the higher emf, and second, that an 
addition or a subtraction is necessary to get the value of the emf of 
the unknown cell. Both of these disadvantages can be avoided in a 
variant of the opposition method, suggested some years ago by 
Wenner, in which a slide wire with two sliders was to be used. This 
method was not developed in detail and has not been published. 


3. REQUIREMENTS FOR A SATISFACTORY METHOD 


The following requirements were set up by the writer as necessary 
or desirable features in a potentiometer for highly accurate compari- 
sons of standard cells, and the design as actually worked out includes 
all of these features: 

(a) It should function on the opposition principle. 

(b) There should be no sliding contacts in that part of the poten- 
tiometer circuit in which is set up the difference of potential which 
balances the difference in emf of the two standard cells under 
comparison. 

(c) The potentiometer proper should be free from parasitic thermal 
emf to better than 0.1 uv, and should contain a device for the ready 
detection and compensation of such unwanted emf in the galvanom- 
eter and its connections to the potentiometer. 

(d) The precision of measurement should be such as to permit the 
detection of a change of 0.1 yv in the difference between the two emf’s, 
for any value of this difference up to, say, 1,000 to 2,000 uv, and the 
accuracy of measurement should be of the same order of magnitude. 

(e) The value of the unknown emf should be indicated directly, 
regardless of whether it is higher or lower than the emf of the reference 
cell, without attention to this point by the operator, and the manner 
of indicating the result should be direct and unambiguous in order to 
minimize the liability of errors in writing down the observed value. 

(f) The reference cell should be used only to oppose the unknown 
cell, and means independent of it should be used to check the magni- 
tude of the battery current through the potentiometer. 

(g) The final balancing of the two emf’s should be a continuous 
process, so that the deflection of the galvanometer can be reduced to 
zero. In other words, it should not be necessary to interpolate be- 
tween two deflections of the galvanometer to obtain the final value. 
Interpolation is objectionable in standard-cell comparisons not only 

cause 1t requires time and mental effort with liability of error, but 
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also because it involves the passing of current in both directions 
through each of the cells. The passage of even small currents through 
a standard cell against its emf is to be particularly avoided. 


4. METHOD WHICH MEETS THE REQUIREMENTS 


The principal features of the method which has been developed to 
meet the preceding requirements may be explained by reference to 
figure 1. The reference cell N and the unknown cell X are opposed 
through a galvanometer G, and a key K to the fall of potential in q 
continuous loop of manganin wire. Taps brought out from the points 
3, 4,5 -. _. .. 16, divide the part of the wire between the points 3 
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Figure 1.—Diagrammatic plan of circuits illustrating the principle of the poten- 
ttometric part of the standard-cell comparator. 





and 16 into sections of equal resistance. The resistances of the sec- 
tions 1-2 and 17-18 may be arbitrarily chosen and the small resist- 
ances of the sections 2-3 and 16-17 are immaterial. The junctions 
of the ends of the manganin wire with the copper wires leading 
to the galvanometer and the key are close together and are pro- 
tected (by means not shown) from inequality of temperature. The 
manganin-copper circuit is thus thermoelectrically neutral to a high 
degree and contains no sliding contacts except those of the key K. 

A current J, from a battery B, is regulated by the rheostat 2, to 
a definite value in the usual manner by reference to an auxiliary 
standard cell. This current enters the manganin wire at the tap 
point 8 and leaves it by the slider S. The substitution resistances 
between the tap points 3, 4,6 -. .- -. 16 and the corresponding con- 
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tact studs, 3’, 4’, 5’ __ __ __ 15’ maintain the resistance between 
§ and the point 8 constant for all settings at the value it has with 
S on the stud 16’. Let the current J, have such a value that the 
drop of potential which it sets up in any one of the sections 3-4, 
f-6, 5-6 -. -. -. 15-16 will be 100 wv. Assume initially that the 
currents J; and J; through the sections 1-2 and 17-18 are zero. 
Then with the slider on the stud 8’ no current flows in the manganin 
wire (with the key K open) and no difference of potential is set up 
init. With the slider set successively on studs 9’, 10’, 11’ __ __ _- 
16’, the current flowing from the point 8 to the points 9, 10, 11 
__ .. -- 16 will cause a drop of potential of 100, 200, 300 __ __ _- 
800 zv, of such polarity that if the emf of cell X is 100, 200, 300 
_. -- -- 800 wy lower than that of cell N, the sum of the drop of 
potential and the emf of cell X will be equal to the emf of cell N. 
If S be set on the studs 7’, 6’, 5’ __ __ __ 8’, there will be a drop of 
potential of 100, 200, 300 __ __ -- 500 uv in the opposite sense, which 
will produce the condition of balance if the emf of cell X is 100, 200, 
300 _. .- -- 500 wv higher than that of cell N. 

If steps of 100 uv were sufficiently small, or if interpolation between 
steps were admissible, the sections /—2 and 17-18 of the manganin 
wire would be superfluous. To make it possible to balance cell N 
against cell X when their difference is not an exact multiple of 100 nv 
requires the use of sections /—2 and 17-18, each with an associated 
ammeter, dry cell, and regulating rheostat. It would be possible 
to obtain the result by using only one of these two sections, but to carry 
out the direct-reading feature of the apparatus conveniently, both are 
used. Their functioning will now be explained. 

If the emf of cell X is exactly 200 uv less than that of cell N, for 
example, the slider S will be set on the stud 10’ and the drop of 
potential in the two sections 8-9 and 9-10 will just produce the con- 
dition of balance. However, if the cell X has any intermediate value 
between 100 and 200 pv lower than that of N, it is possible to adjust 
a current J3, flowing through the section 17-18, so that the auxiliary 
drop of potential thereby introduced restores the condition of balance. 
An increase in the value of X requires an increase in J;, and it is con- 
venient to mark the scale of the ammeter A; to indicate directly the 
drop of potential in the section 17-18. A duplicate auxiliary circuit 
is provided which may be used to send a current J, through the section 
1-2. This functions in the same manner as the auxiliary circuit for 
I;, except that the two currents flow in opposite directions through 
themanganin wire. For any value of the difference of emf of N and 
of X, the slider S may be set on one or the other of the two main-dial 
studs, between which the balance point lies, and an exact balance 
may be obtained (1) using auxiliary current J; only; (2) using auxiliary 
current J, only; or (3) using both J, and J;. This last procedure is 
the one actually used, the values and directions of J, pot I; being so 
chosen as to make the indicator B read directly the last two figures 
(that is, those in the fifth and sixth decimal Hp of the value of 
Xin terms of N. Briefly, this is accomplished by setting the current 
I, at the value which produces a drop of potential in the section 1-2 
equal to the last two figures in the value of N. The direction of the 
current J, through the section /—2 is such as to make the potential of 
the point 2 lower than that of 1. The combination of the cell N and 
the section 1-2 is therefore equivalent to a reference cell having the 
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same numerical value of emf as N, to and including the digit in the 
fourth decimal place, but having zeros in the fifth and sixth places, 
When the condition of exact balance is obtained by setting the slider 
S and adjusting the current J;, the reading of the ammeter A; (in 
microvolts) will therefore be the fifth and sixth figures in the value 
of X. The manner in which the comparator gives directly the other 
figures for the value of X is given in the following section on the 
direct-reading feature of the comparator. 

Although the direct-reading procedure just outlined involves the 
added cost of the ammeter A, and its rheostats, it speeds up the work 
of comparing cells and tends to avoid errors which may arise when 
figures must be added or subtracted to obtain the final result. 

Each of the sections /—2 and 17-18 of the manganin wire MM’, with 
its associated milliammeter and adjustable current supply, is really 
a potentiometer operating according to Poggendorff’s' little-used 
“second method.” The first application of this method as the basis 
for a commercial instrument for specific applications appears to have 
been made by Lindeck and Rothe?’ at the Reichsanstalt in 1899. The 
instrument was developed® with the cooperation of Siemens and 
Halske, who placed it on the market. The use of a “‘second-method” 
potentiometer as one component element of a potentiometer, sup- 
plementing one or more other ‘‘decades”’ of higher denominations, as 
is done for the first time in the standard-cell comparator, was sug- 
gested by the writer in a paper on potentiometers before the Inter- 
national Electrical Congress of 1932 at Paris. To avoid the usual 
but occasionally illogical expression ‘‘decade”’ the writer prefers to 
speak of certain structural components of a potentiometer as “ele- 
ments.”” For the lack of a suitable short descriptive term the 
expression ‘‘Lindeck-Rothe element”’ will be used in referring to the 
two ‘“‘second-method” potentiometers which serve as ‘‘elements” of 
the standard-cell comparator. 


III. DIRECT-READING FEATURE OF THE COMPARATOR 


The potentiometer briefly outlined in the preceding section actuall 
measures only the difference between the emf of the reference ce 
and that of the unknown cell. The mechanical computing arrange- 
ment which makes it possible to read directly the emf of the unknown 
cell is shown diagrammatically in figure 2, in which A may be thought 
of as a flat plate of insulating material carrying the contact studs 3’ 
to 16’ and marked with a scale of values of the reference emf ranging 
from 1.0175 to 1.0185 volts. The scale plate B is attached to the 
slider S and moves with it and is marked with a scale of values of 
unknown emf ranging from 1.0167 to 1.0190 volts. The opaque 
screen C covers both of the scales, with the exception of one value on 
the reference scale and one on the unknown scale, which appear, respec- 
tively, in the window openings W, and W,. The screen may be ad- 
justed laterally and clamped by the nuts D D’ so as to expose any 
desired one of the 11 values on the reference scale. For any position 
of the slider S and its associated scale plate B the value of unknown 

1J. C. Poggendorff, Ann. der Physik und Chemie, vol. 54, p. 161, 1841. : 

2 Lindeck and Rothe, Zeitschrift fiir Instrumentenkunde, vol. 20, pp. 293-299, 1900; foreshadowed in the 
annual report of the Reichsanstalt, ibid., vol. 19, p. 249, 1899. Hoffman and Rothe, ibid., vol. 25, pp. 273, 
278, 1905, described a recording potentiometer developed from the Lindeck-Rothe potentiometer, using the 


defiection-potentiometer principle. 
3 Keinath, Elektrische Temperaturmessgerite, 1923 edition, pp. 30-31. 
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emf appearing in the window W, will obviously depend upon the 
lateral adjustment of the screen. The correlation of the two scales is 
based upon the following facts: (a) When the slider S is on the stud 
8’ the current J, does not flow through any part of the manganin 
wire MMM’; (6) the flow of J, through the manganin wire toward the 
right from tap point 8 sets up a difference of potential between M 
and M’ which aids the emf of cell X to balance that of cell N; (c) the 
flow of J, through the wire MM’ toward the left from tap point 8 
sets up a difference of potential between M and M’ which aids the 
emf of cell N to balance that of cell X. It follows from (a) that 
when the slider S is on the stud 8’ the value of unknown emf appear- 
ing in W, must be the same as the value of reference emf appearing 
in W,, for all positions of the screen C. Since the potential difference 
which J, sets up in each of the sections 3-4, 4-5, etc., of MM’ is 
0.0001 volt, it follows from (6) that with the screen C clamped in any 
position the values of unknown emf which appear successively in W, 
as S is set on studs 9’, 10’. __ ~~ 16’ must be 0.0001, 0.0002 
= 0.0008 volt lower than the value of reference emf which 
appears in W;. Similarly, with the screen C clamped in any position 
the values of unknown emf which appear successively in W; as S is 
mee stums 7, 6 ...... 3’ must be 0.0001, 0.0002 _ _ _ _ _ - 
0.0005 volt higher than the value of reference emf which appears in 
W,. In the actual use of the comparator, the screen is set to expose 
in W, the certified or assumed emf of the reference cell, and conse- 
quently the value which appears in W2, when the condition of balance 
exists, must be the emf of the unknown cell. 

A part of the laterally adjustable screen C is broken away to show 
figures on the reference scale (above) and on the scale of values of 
unknownemf. This latter scale is attached to the slider S and moves 
with it. W, and W, are the window openings through which one 
value on each scale may be seen. 

In the preceding explanation it has been assumed for simplicity 
that 0.0001 volt is the limit of sensitivity of the apparatus; conse- 
quently no provision is shown in figure 2 for passing measured cur- 
rents through the sections /—2 and 17-18 of the manganin wire MM’, 
for purposes previously explained. 

The screen C as shown in figure 2 is long enough to cover all of the 
values marked on the scale plate B (except the one appearing at the 
window W,) for all positions of B. This is not a necessary feature, 
and C could be reduced to a size sufficient merely to accommodate 
the window openings W, and W2. The arrangement shown, however, 
has the operating advantage that when balance is obtained only one 
value of unknown emf can be seen, namely, the one which is to be 
recorded. 

In the comparator as actually constructed the contact studs are 
more numerous than in figure 2, and are arranged in the form of an 
incomplete circle. The reference scale is marked on the hard-rubber 
top, and the scale of values of unknown emf is marked on a hard- 
rubber disk rigidly connected with the rotatable contact brush. The 
screen is a metal cover or turret which encloses the studs, contact 
lever, and rotating scale and has, at opposite ends of a diameter, the 
two window openings which correspond to W, and W,. 
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IV. DESCRIPTION OF THE COMPARATOR 
1. DIAGRAMMATIC PLAN OF CIRCUITS 


For the sake of simplicity a number of features of the comparator 
are not shown in figure 1. All the essential parts are indicated dia- 
grammatically in figure 3, which is a development from figure 1. The 
manganin wire 1M’ is divided into 35 dial sections of 0.05 ohm each 
by tap wires from the points 3, 4 __ -_ -_ 38; sections 1-2 and 39-40 
are also of 0.05 ohm each, and the small resistances of sections 2-3 
and 38-39 are immaterial.* A current of 2 milliamperes from the 
positive pole of a dry cell connected to the terminals marked “dry 
cell main dial” enters the tap wire attached to the point 18 on the 
manganin wire and flows to the right or the left through the manganin 
wire, or back to the cell without entering the manganin wire, according 
to the position of the slider S. The fall of potential in the manganin 
wire is 100 wv per section. The instruments marked ‘‘Indr. A” and 
“Indr. B” for measuring the currents in the sections 1—2 and 39-40 
of the manganin wire are actually milliammeters, but their 100-divi- 
sion scales are marked “‘microvolts”’ to indicate the value of the fall 
of potential in sections 1-2 and 39-40. The algebraic sum of the 
three potential drops in the manganin wire is opposed, through keys 
and a galvanometer, to the resultant emf of the reference cell and the 
unknown cell connected in opposition. 


2. MAIN-DIAL RESISTOR 


The copper-manganin junctions at the ends of the manganin wire 
MM’ (fig. 3) must be carefully protected against inequality of tem- 
perature which would set up a thermal emf and cause an error in the 
measurement. For this reason the manganin wire was inclosed in a 
bakelite box supported from the under side of the hard-rubber top of 
the comparator. This construction shelters the resistor effectively 
from heat radiation and conduction. Furthermore, the two copper- 
manganin junctions are placed very close together. The thermal emf 
of a copper-manganin junction is about 1 to 2 uv per ° C., consequently 
the two junctions must not differ in temperature by 0.05° C., if the 
parasitic emf in this part of the apparatus is to be kept below 0.1 uv. 
_ The manganin wire used was no. 16, A.W.G. (diameter, 0.051 
inch=1.3 mm). After being wound into a helix the wire was annealed 
at a red heat. The copper tap wires were attached to it by hard 


soldering. 
3. MAIN DIAL 


The main dial consists of 36 brass studs placed on a circle which if 
filled would contain 56 studs. (See fig. 4.) This unusual arrange- 
ment is necessary for the following reasons: The lowest value marked 
on the reference scale is 1.0175 volts; since there are 20 steps of 
0.0001 volt each to the right of tap point 18 on the manganin wire 
MM' (see fig. 3), the lowest value of unknown emf which can be 
measured, using a reference emf of 1.0175 volts, is 1.0175—0.0020= 
1.0155 volts. The highest value marked on the reference scale is 
1.0195 volts, and with a reference emf of this value the 15 sections of 
the wire MMM’ to the left of tap point 18 make it possible to measure 


ne 


ani #and $ might theoretically be merged, and so could 38 and 39; practically it would not be pos- 
to connect two tap wires to points on the manganin wire which are at exactly the same potential. 
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Figure 4. 


Above, central portion of the hard-rubber top of the comparator, carrying a scale of values of the reference 
emf ran from 1.0175 to 1.0195 volts. The handle for operating the main-dial contact brush, and also 
the main. screen, have been removed to show the scale of values of unknown emf marked on the 
py Ay of the pa p opal ae section, showing the location of the ind ni 

, View y in cross location o' two window o 
W, and W; for the scales of reference emf and unknown emf, respectively. ne 
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a& maximum unknown emf of 1.0195+0.0015=1.0210 volts. Thus 
the circular scale B of values of unknown emf which is to rotate with 
the contact brush in figure 4 must bear the 56 numbers, 1.0155, 
1.0156 _. _. -. 1.0210. These figures, however, do not represent the 
usual working range of the comparator, which is discussed later under 
the heading of operating limits. 

Even after the impending change in the unit of emf becomes effec- 
tive, it is not expected that any occasion will arise for measuring an 
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Ficure 5.—Semidiagrammatic plan view of main resistor and of the main-dial 
contact studs, brush, and ring. 


The substitution coils connected to the dial studs are indicated; their free ends are actually joined to the 
——— numbered tap points on the main resistor by connecting wires which are omitted for 
emf much greater than 1.0195 (new) volts. In other words, when a 
reference cell having an emf of 1.0195 (mew) volts will be used, the 
slider S (fig. 3) will probably never be placed more than a few steps 
to the left of tap point 18. A choice had to be made between two 
courses: First, to decide that no values of unknown emf greater than, 
say 1.0198 (new) volts, would ever be measured, and that conse- 
quently the part of the rotating unknown-emf scale of the main dial 
corresponding to values of 1.0199 to 1.0210 volts, inclusive, should be 
left blank; or second, that all of these probably unnecessary numbers 
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should be marked on the scale, to indicate the position of the main- 
dial contact brush. The latter course was chosen. 

Figure 5 shows semidiagrammatically the essential parts of the 
main dial and of the manganin wire in its bakelite enclosure. Each 
of the contact studs (except no. 38) carries a substitution coil which 
maintains constant the total resistance in the circuit through which 
current is supplied to the main-dial resistor. In figure 5, to avoid 
confusion, the wires from the tap points on the main-dial resistor to 
the substitution coils are not shown but are indicated by numbers; 
thus from the tap points 3, 4 _. .. .. 37, wires run to the free ends of 
substitution coils 3, 4 __ -. -. 87. Tap point 38 is connected di- 
rectly to stud 38. 


4. LINDECK-ROTHE ELEMENTS 


The current through each of the main-dial resistor sections 1-2 and 
39-40 (see fig. 3) is measured by a milliammeter designed especially 
for the purpose. The full-scale current is 2 milliamperes. The scale 
has 100 divisions and the position of the knife-edge pointer may be 
accurately read with the aid of a parallax mirror. The current for 
each element is supplied by a dry cell and is adjusted by a coarse 
rheostat of 15 steps in series with a fine rheostat for close adjust- 
ment. The contact slider of each fine rheostat is ordinarily con- 
strained by a stop to run only over the winding. Near the end of 
the winding which runs to the positive pole of the dry cell is a contact 
stud leading to a binding post. These binding posts are marked 
“check A” and “‘check B,” respectively. They are for use when it 
is desired to check the accuracy of the milliammeters, which is done 
as follows: After releasing the stop on the slider of the fine rheostat 
at the extreme left of figure 3, the slider is set on the stud leading to 
the binding post marked “‘check A.’”’ Then the wire from the posi- 
tive pole of the main-dial dry cell which normally sends a current to 
tap point 78 on the main-dial resistor is detached from its usual 
binding post and clamped in the one marked ‘‘check A.” With this 
special arrangement the main-dial current flows through indicator A 
into the main-dial resistor at tap point 1, out at the slider S, back to 
the dry cell through the three regulating rheostats marked ‘“‘fine’’, 
“int.” and ‘‘coarse’’, and the coil E and slide wire F, which serve, 
in connection with an auxiliary standard cell, to adjust the main-dial 
current to exactly 2 milliamperes. This latter adjustment havin 
been made, the pointer of the milliammeter should be deflecte 
exactly 100 divisions. If the deflection differs somewhat from this 
value, it is to be brought to 100 divisions by adjusting a magnetic 
shunt which varies the magnetic flux in the air gap of the milli- 
ammeter. This may be done without removing the case of the 
milliammeter.’ The same procedure may be applied to check 
indicator B at the right (fig. 3), but in this case the + wire from the 
cc dry cell is to be connected to the special binding post marked 

check B.”’ 

The 50-ohm coil in the wire joining tap point 18 of the main-dial 
resistor to the + binding post of the pair marked ‘“‘dry-cell main 
dial” has co ormowenner the same resistance as either of the two in- 
dicators. Consequently the shifting of the wire from the positive 


§ To avoid the liability of mistake, or of possible meddling by unauthorized persons, it was made neces- 
Sary to use a small screwdriver to the magnetic shunt. 
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pole of the dry cell for the main dial from its usual binding post to 
either the check A or check B binding post does not appreciably alter 
the total resistance in the path of the main-dial current. By the 
above method of adjusting the indicators to read correctly, their 
readings, as well as those derived from the position of the slider S, 
are in terms of the unit of emf embodied in the auxiliary standard 
cell. Therefore the entire result of a measurement, with the com- 
parator, of the difference in emf of an unknown cell and a reference 
cell is referred to the unit of emf in terms of which the auxiliary 
standard cell is certified. 

An important feature of the Lindeck-Rothe element as a component 
of a potentiometer is the fact that its indications may readily be made 
independent of changes of room temperature.’ It shares with the 
slide wire the advantage of a continuous — e of potential difference 
which makes interpolation unnecessary. Unlike the slide wire, how- 
ever, it may readily be made as =! as desired. 


5. THERMOFREE’ GALVANOMETER KEYS 


The three keys marked “R,’”’, “R,’”’, “O” in the upper part of 
figure 3 and those at the bottom marked “‘R,’’, ‘‘R,” are of ordinary 
construction. The conditions under which they operate are such 
that any thermal emf at the key contacts is negligible. The keys 
at the bottom marked ‘‘0” and “‘shunt”’ must be highly thermo- 
free, namely, they must show no thermal emf as great as 0.1 pv, 
even under relatively adverse thermal conditions. 

Ordinary keys contain combinations of metals (for example, brass 
or bronze with platinum) which may develop a thermal emf of one 
or more microvolts under usual working conditions.* Their con- 
struction is usually such that heat may be transferred from the 
observer’s hand to the contact points. Three expedients to mini- 
mize thermal emf have been used in the design and construction of 
the keys O and shunt, namely (1) the choice of materials for the key 
springs and the contacts which are thermoelectrically near to copper; 
(2) the design of the key to be ‘“‘thermoelectrically astatic”’, that is, 
with soldered junctions and abutting contact points symmetrical with 
respect to such heat flow as cannot be avoided; and (3) the inclosure 
of the key in a shell made of material of good thermal conductivity 
which distributes any heat which reaches it, this heat being then 
transferred uniformly from the inside of the shell to the key. 

The thermofree keys used in the standard-cell comparator are of 
a type developed for a potentiometer used with thermocouples in 
measuring very small temperature differences and requiring the 
reduction of “parasitic” thermal emf to an even lower value (0.02zv) 

6 The accuracy of direct-current milliammeters in which the entire current to be measured flows bee 
the moving coil is almost independent of changes of the instrument temperature, because (1) no change 
the distribution of the measured current between the moving coil and a shunt circuit around it can occur 
as a result of change of temperature; (2) the small temperature coefficient of magnetic flux density in the air 
gap (about 0.01 to 0.03 percent per ° C.) tends to offset the temperature coefficient of rigidity of the springs, 
which is about 0.04 percent per° C. In the event that a shunt around the moving coil becomes n 


necessary, 
erent it is ‘ret possible to arrange matters to make the indications of the instrument independent of 
tem ure chan 
he word “thermofree” is offered as an arbitrary short equivalent of complete but unwieldy agp <8 
Phas such as “free from thermoelectric forces’, ‘thermal emf free”, ‘‘thermoelectrically neutral’’, ete 
Although it was ested by the well-known German adjective “thermokraftfrei, ”* it was felt unnecessary 
e saves deal — - ha nbn sap oe ‘sing keys intended primarily for telephone 
makers ntiome’ ave n ys inten or v4) purposes. 
Some po yap keys contain springs of very dissimilar alloys (evidently Sheavbae bronze and nickel- 
silver) and in consequence are extremely objectionable for use in potentiometers. There should be = 
difficulty in having a keys made up with bronze springs only, when the keys are to be used in 
potentiometer circuits 
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than in the comparator. They have springs of hard-rolled copper 
and contact points of United States coin gold.® The “thermally 
astatic” arrangement of the operating parts of the key marked “0” 
is shown in figure 6. This key,” and the very similar one marked 
‘shunt’, which is normally closed, are inclosed in a box of cast 
aluminum 0.1 inch (2.5 mm) thick. 


6. AUXILIARY GALVANOMETER 


In most potentiometers a single galvanometer is used for two pur- 
poses; first, in series with a standard cell for adjusting the auxiliary 
(battery) current through the potentiometer to its normal value, then 
in series with the emf under measurement. In most cases this dual 
use of the galvanometer is convenient and satisfactory, but for the 
standard-cell comparator it was considered inadvisable, and an 
inexpensive but adequate auxiliary galvanometer was built into the 

otentiometer, permanently in series with the auxiliary standard cell. 
The cost of this auxiliary galvanometer is at least as low as that of a 
highly thermofree changeover switch which would be necessary to 
enable the main galvanometer to do double duty; its period is only 
one third of the period of the main galvanometer; it saves the main 
galvanometer from occasional (accidental) large deflections; the 
auxiliary galvanometer is sufficiently sensitive, the main galvanom- 
eter would be needlessly over-sensitive, leading to waste of time in 
the effort to adjust the auxiliary current to a needless degree of 
precision. 


7. SHUNT COIL FOR MAIN GALVANOMETER 


This coil, indicated in figure 3, is connected, through the key 
marked “shunt”, across the terminals of the main galvanometer. 
This key is normally closed. The shunt coil is of copper wire to 
reduce to a negligible amount the possibility of thermal emf, and 
is wound in a single layer on micanite cards and varnished to exclude 
moisture. It es a total resistance of 1,400 ohms, and taps are 
brought out at 800, 1,000, and 1,200 ohms. The main galvanometer 
to be used eventually with the comparator is to be critically damped 
when the external resistance is 1,200 ohms, which was assumed as an 
average value of the resistance of two saturated cadmium cells in 
series. The other values of resistance of the shunt coil were provided 
to take care of possible deviation of the galvanometer from this 
intended value of external resistance for critical damping. One of 
the purposes of the shunt coil is to prevent oscillation of the galva- 
nometer coil when the keys R,, R2, and 0. are not depressed. The 
coil has also another important use which is explained in the next 
paragraph. 

8. THERMAL EMF COMPENSATOR 


This is a simple slide rheostat wound with copper wire and con- 
nected in series with the main galvanometer (see fig. 3). A current 
of about 15 wa from a dry cell enters this winding at its central point 

* The composition of United States coin gold is 90 parts gold to 10 parts copper. Its thermal emf against 
copper at room tem: ture is Fake ee Aectaniiin C. 
10 For a detailed ion of this ke o Men per by H. B. Brooks and A. W. Spinks on “‘A 
22 


Hay osama gee gg and its ‘Application to tion to the urement of Small Temperature Differences’’, 
our. Research, vol. 9 (RP506), p. 781, December 
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and leaves by the slider. If the slider is set on the central point of 
the copper winding, the current flows back to the dry cell without 
having passed through any part of the copper winding and therefore 
without producing any drop of potential in that winding. By setting 
the slider away from the central point, a small, adjustable drop of 

otential may be introduced into the galvanometer circuit to neutral- 
ize the effect of any parasitic emf in the galvanometer and the wires 
connecting it to the comparator. By Loseetng the key marked 
‘“‘shunt’’ the user can determine at any time whether any appreciable 
parasitic emf is present. Any such emf will have maintained a 
corresponding deflection of the galvanometer, and when the shunt key 
is depressed the galvanometer coil will assume its open-circuit zero 
position. To neutralize any such undesired emf the observer simply 
manipulates the slider of the thermal emf compensator until no motion 
of the galvanometer coil ensues when the shunt key is depressed. 
This operation may be performed regardless of the position of the 
main-dial contact bicali or of the currents through the indicators, 
and regardless of whether standard cells are, or are not, connected 
to the comparator for test. 

By replacing the 100,000-ohm resistor of the thermal emf compen- 
sator with one of higher or lower resistance, the number of microvolts 
per angular degree of rotation of the slider can be varied to suit the 
needs of the particular galvanometer and its environment. 

The thermal emf compensator, used as just described, takes no 
account of parasitic emf within the comparator. The design of the 
comparator and the materials used in its construction are such that 
the internal parasitic emf under any reasonable operating conditions 
will be much less than 0.1 nv. This point may properly be checked 
in testing a new instrument for acceptance, the itr being as 
follows: The reference cell and the cell under test are to be discon- 
nected from the comparator and the posts marked “+ Ref” and 
“ +X Cell” are to be joined by a copper wire; then one wire is to be 
detached from each of the three dry cells which supply indicators 
A and B and the main dial (see fig. 3). The disconnection of these 
three dry cells definitely insures that no current flows through the 
manganin wire MM’ of the main dial. The shunt key is then to be 
depressed and the slider of the thermal emf compensator manipulated 
until the galvanometer coil no longer moves when this key is depressed. 
External parasitic emf having thus been compensated, the depression 
of the shunt key and the adjoining key marked ‘‘0”’ will show whether 
any parasitic emf exists in the interior of the comparator." In 
making such a test, it should be remembered that the parasitic emf 
in the galvanometer may vary irregularly, and the check for its 
presence and its compensation should be repeated often enough to 
make sure that an apparent parasitic emf in the comparator is not 
actually a change in the outside one. It is also important to realize 
that a parasitic emf may result from other than thermoelectric 
causes, such as leakage which may take place from nearby direct- 
current power and battery circuits. High insulation of all parts 
of the cell-comparison apparatus and its wiring, and guarding (if 





11 In this part of the test the motion of the galvanometer coil wili necessarily be heavily over-damped, 
and consequently the observer must give it plenty of time to complete its deflection. Because of the 
abnormally low external resistance the working sensitivity will be much greater than the normal value. 
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lic URE 6.—Galvanometer key embodying refinements to minimize thermal emf. 
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Figure 7.—The standard-cell comparator from a photograph. 
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Figure 8.—I/nterior of the standard-cell comparator. 


Centrally located at the top is the bakelite box containing the main-dial resistor. The tap wires from 
this resistor extend downward to the substitution coils of the main dial. The aluminum box whic 
normally encloses the thermofree keys and the copper shunt coil has been removed to show these details. 
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necessary) by methods analogous to the classical Price procedure ” 
are the remedies. 

The two binding posts for the main galvanometer and the ones 
marked ‘ + Ref. Cell” and “+X Cell” have contact surfaces of 
copper to avoid thermal emf. This precaution is unnecessary for the 
other binding posts. Thermal emf at the various sliding contacts in 
the comparator cannot affect the accuracy of measurement. 


9. DRY CELLS AS SOURCES OF CURRENT 


The use of storage cells to supply current to the comparator has 

not been contemplated, and the regulating rheostats have such ranges 
of resistance as to permit the use of dry cells having an initial emf 
of not over 1.62 volts and a cut-off point (at which the cells are to 
be discarded) of 1.30 volts. The reasons for providing for dry cells 
only are that the dry cell is the cheapest and cleanest source of cur- 
rent for the purpose, is readily obtainable, and is adequate for the 
yurpose. 
, Although single-pole switches might have been included in the 
instrument to open the circuits of three of the dry cells when the 
comparator is not in use, this was considered an unnecessary refine- 
ment. The current supplied by each of the two indicator cells is 
from 2.7 to 4.5 ma, depending on the deflection, and the main-dial 
dry cell supplies 2 ma. Left in these circuits continuously, no. 6 
dry cells * of good quality may be expected to last about 10 months, 
the actual time depending considerably on the average room tem- 
perature. Even if the cells were switched off when not in use, the 
ordinary deterioration on open circuit would prevent any great ex- 
tension of their useful life. If the user wishes to open the circuit 
of these three cells during long periods of disuse, this may be readily 
done by detaching one wire at each cell. There is no reason what- 
ever for doing this with the cell which supplies the minute current 
for the thermal emf compensator. 


10. ARRANGEMENT OF PARTS OF THE COMPARATOR 


Figure 7 shows a view of the standard-cell comparator.'* The 
arrangement of the major components of such an apparatus should 
be conducive to convenience in manipulation and in reading the 
result of a measurement. Both of these qualities tend to expedite 
the work and to minimize the probability of errors. Some of the ideas 
leading to the particular arrangement adopted may be briefly stated. 

The main dial is centrally located and is intended to be operated 
with the right hand while the left manipulates the main-galvanometer 
keys. The reference-cell indicator, A, infrequently observed, and its 
two rheostats, infrequently manipulated, are placed at the extreme 
left. The reference-cell window in the screen ' of the main dial is 





2 W. A. Price, Elec. Rev. (London), vol. 37, p. 702, 1895; Ayrton and Mather, Phil. Mag., vol. 49, p. 343, 
te aa Phys. Rev:, vol. 25, p. 334, 1907; H. L. Curtis, Trans. Am. Inst. Elec. Engs., vol. 48, 
P. 1263, 1929. 

‘8 “Number 6 dry cell” is an American trade designation for a cylindrical dry cell which is 2.5 inches 
(63 mm) in diameter and 6 inches (152 mm) high, exclusive of the external cardboard jacket. 

“ The comparator was built by the Leeds & Northrup Co. on the basis of the writer’s plans and speci- 
fications. The engineers of this company made many valuable suggestions for improvements in details 
of construction. The 2 special milliammeters for the Lindeck-Rothe elements were carefully developed 
to meet the writer’s requirernents by the Weston Electrical Instrument Corporation. 
anae — nd shown in figure 7 in its intermediate angular position, corresponding to a reference-cell 

of 1, volts. 
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placed as near the reference-cell indicator as possible, to assist in 
conveying the idea that the sum of their readings is to be set to equal 
the known or assumed value of the emf of the reference cell. The 
much-used indicator B and its rheostats are placed at the right, and 
the reading in the unknown-cell window, nearby, plus the reading of 
indicator B equals the value of the unknown seat, The three rheostats 
for the main-dial current, occasionally used, are placed at the right- 
hand end of the comparator. The auxiliary galvanometer, thermal 
emf compensator, auxiliary standard-cell dial and the three keys in 
the circuit with the auxiliary galvanometer, all used only occasion- 
ally, are placed behind the indicators and the main dial. 

The auxiliary galvanometer has a vertical scale readily seen by the 
operator without any change of position. This galvanometer has an 
interchangeable suspended-coil system which may be readily removed 
for repairs or replacement. 

Figure 8 shows a view of the interior of the comparator. Centrally 
located at the top is the bakelite box containing the main-dial resistor. 
The tap wires from th’s resistor extend downward to the substitution 
coils of the main dial. The various regulating rheostats may be clearly 
seen. The aluminum box which ordinarily encloses the two thermofree 
keys and the copper shunt coil for the main galvanometer has been 
removed to show these details. 

The over-all dimensions of the comparator with cover are 13 inches 
(330 mm) by 26 inches (660 mm) by 8.1 inches (206 mm), and its 
weight is 42 pounds (19 kg). 


V. OPERATION OF THE COMPARATOR 
1. OPERATING PROCEDURE 


The procedure of setting up and operating the comparator may be 
outlined as follows: A dry cell is connected to each of the four pairs 
of binding posts so marked. A cadmium standard cell, which may 
conveniently be of the unsaturated type, is connected to the bindin 
posts marked “auxiliary standard cell’’, and the auxiliary standar 
cell dial is set to the known value of this cell. The negative pole of the 
standard cell under measurement is joined to the negative pole of 
the reference cell, and their positive poles are connected to the cor- 
respondingly marked binding posts A the comparator. The external 
galvanometer is connected to the comparator binding posts marked 
“main galvanometer”’. For the most precise measurements of which | 
the comparator is capable this galvanometer should be a high-grade 
instrument of constants appropriate for the purpose.’® 

If the comparator is being set in operation for the first time, it is 
desirable to check the accuracy of the two indicators " as described 
in the section above on Lindeck-Rothe elements, and to carry out the 
test for internal parasitic e.m.f. as described in the section on thermal 
emf compensator. 

The serew which clamps the main-dial screen in position is then 
released, the screen rotated until the number appearing centrally 

16 The galvanometer which was considered most suitable for precise comparisons of standard cells, and 
which has been kept in mind during the design of the comparator, has the following constants: Complete 
period, 9 seconds; external resistance for critical damping, 1,200 ohms; sensitivity with 1,200 ohms in series, 
4 mm/yv with a scale distance of 1 m. 

1” The use of the word “indicator” or equivalent is necessary because although these two ae 


are inherently milliammeters, they are used with their associated apparatus in emf measurements, and 
their scales are marked in microvolts. 
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in its reference-cell window is the known (or assumed) value of the 
reference cell, to and including the figure in the fourth decimal place, 
and the screen is firmly clamped in this position. By means of its 
two rheostats, indicator A is then made to read the number of divi- 
sions (microvolts) corresponding to the number formed by the fifth 
and sixth digits of the decimal part of the reference-cell value.” 
After this, the main-dial current is adjusted by means of the three 
regulating rheostats at the right-hand end of the comparator until 
the auxiliary galvanometer shows no deflection with its zero-resistance 
key presi 

The test for the presence of intruding emf in the external part of 
the measurement circuit is then made, and any such emf compensated, 
as described above under the heading ‘‘Thermal emf compensator.” 
All is then in readiness for the actual comparison of the cells. De- 
pression of the main-galvanometer key R, closes the measurement 
circuit through a protective resistance * so high that for normal con- 
nection of the unknown cell and the reference cell the deflection will 
be small; seldom greater than 10 mm. The main-dial handle is then 
to be turned until the deflection is reduced to a fraction of 1 mm; 
then the main-galvanometer key R, is to be used instead of R,, and 
two adjacent settings of the main dial are to be found, between which 
the direction of the galvanometer deflection changes. The cor- 
responding numbers which appear in the screen window marked 
“unknown cell” will differ by 0.0001 volt. Leaving the dial with the 
smaller of these two numbers appearing in the window, the operator 
manipulates the coarse rheostat and the fine rheostat near indicator 
B, meanwhile testing for the condition of balance in the measurement 
circuit by tapping the main-galvanometer key R,, until the deflections 
become only a fraction of 1 mm; then the main-galvanometer keys 
O and Shunt are to the used, depressing them simultaneously, in 
attaining an exact balance. The value of the emf of the unknown 
cell, in terms of the value assumed for the reference cell, is then 
written down as the number appearing in the ‘unknown cell’”’ window 
supplemented by the reading of indicator B in microvolts. A figure 
for tenths of a microvolt may be had by estimating tenths of a divi- 
sion in the deflection of indicator B. 


2. OPERATING LIMITS 


The comparator is designed to use a reference cell having any 
value of emf between the limits 1.017500 and 1.019100 international 
volts. When the impending change in the electrical units takes place, 
the emf of a cell which is 1.019100 international volts will be approxi- 
mately 1.019500 absolute volts. Therefore, to avoid the necessity 
of altering the scales of the comparator, values are marked on the 
reference-cell scale up to 1.019500. With no restriction on the value 
of the reference emf within the limits 1.017500 and 1.019100 inter- 
national volts, the comparator will measure any unknown emf and 
indicate its value directly over the range 1.017100 to 1.019100 inter- 
national volts. With a reference emf of intermediate value the range 


'® By estimating tenths of a division, one could set the comparator for the reference-cell value out to the 
seventh decimal place. 

In the comparator used at the Bureau of Standards this resistance is one half megohm. This higb 
value is provided to prevent an excessive current from fi owing through the two cells and the galvanometer 
in the event that the cell under test and the reference cell are inadvertently connected in series with the 
emf’s aiding. This would cause a resultant emf of over 2 volts to act where normally only a very small 
fraction of a volt is present. 
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of measurement is increased. For example, using a reference emf of 
1.018300 volts, any unknown emf within the range 1.016300 to 1.019900 
volts can be measured. 


3. MISCELLANEOUS MEASUREMENTS OF EMF 


The comparator has been designed for the optimal performance of 
its specific foartica. and is not nearly as convenient for ordinary emf 
measurements as a potentiometer of more conventional design. 
When circumstances require, however, it may be used for measuring 
any direct emf between zero and 1,600 pv, and consequently may be 
used with a thermocouple for temperature measurements over a 
limited range. In this case the + and — terminals of the couple 
may be connected to the binding posts marked “+X cell” and 
“+ Ref. cell’’, respectively; the screen is set to expose any conven- 
ient number in the reference-cell window, 1.0190 volts for example, 
and indicator A is left at zero deflection. The unknown emf is bal- 
anced in the usual way by turning the main-dial handle and by 
deflecting indicator B until the main galvanometer shows no deflec- 
tion. The numerical value of the unknown emf is found by sub- 
tracting the reference-scale reading from the entire “‘unknown”’ 
reading; that is, from the sum of the reading in the unknown-cell 
window and the reading of indicator B. For example, if the refer- 
ence-scale reading is 1.0190, the unknown-scale reading 1.0202, and 
that of indicator B is 50 pv, the unknown emf is 1.020250 — 1.0190 = 
0.001250 volt. If the unknown emf under measurement in this way 
decreases through zero to a negative value,” the measurements can 
be continued without any change of connections or of technique, 
down to —2,000 uv. For example, if the reference-scale reading is 
1.0190, the unknown-scale reading is 1.0177, and that of indicator 
B is 20 pv, the unknown emf is 1.017720— 1.0190 = — 0.001280 volt. 


VI. USE OF THE COMPARATOR AFTER THE VOLT IS 
CHANGED 


In designing the standard-cell comparator for preassigned limits of 
reference emf and of unknown emf in terms of the ‘international 
volt’’, the impending change to the ‘‘absolute volt” (equals 10° cgs 
electromagnetic units of emf) was kept in mind, with the result that 
no structural alterations in the comparator will be required when the 
change becomes effective. Any cell suitable for use as a reference 
cell before the change in the unit may still be used after the change, 
and a similar statement applies to the unknown cells. The sim- 
plicity of the procedure for adapting the comparator to function on 
the new basis may be seen from the following statement. Assume that 
the effect of the change is to give the Weston cell a numeric greater 
by 0.000410 than the value assigned to it when the international 
volt was in force. Then on the date when the change in the units 
becomes effective, the auxiliary standard cell having thereby acquired 
a larger numeric, the setting of its dial is to be increased by 410 pv. 
The value of the main-dial current for the condition of zero deflection 
of the auxiliary galvanometer will then need to be reduced about 1 
part in 2,500, and consequently the two indicators, A and B, will 





* This might happen, for example, if the difference in temperature of two baths, under measurement 
with a thermocouple, should change sign. 











Brooks) Standard-Cell Comparator 231 


theoretically need a slight readjustment of their magnetic shunts. 
Actually, the change required is only 0.04 division in a deflection of 
100 divisions. This is about the possible limit of reading the coinci- 
dence of the pointer with a division line of the scale, and the readjust- 
ment of the indicators is therefore superfluous. The change in the 
setting of the auxiliary standard cell dial, the consequent readjust- 
ment of the main-dial current, and the change in the setting of 
the screen and of the reading of indicator A to accord with the revised 
value of the reference cell are the only things necessary in order to 
make the comparator give values of emf of cells under measurement 
in terms of the world’s new unit.” 

The fact that the ohm will be changed when the volt is changed 
will not affect the use of the comparator because its measurements 
involve the ratio of definite parts of the manganin resistor MM’ 
(fig. 3) to the resistance around which the auxiliary standard cell is 
balanced. If these parts of the main-dial circuit have the correct 
ratio, the unit of resistance in which they are adjusted is immaterial. 


WasHINGTON, May 12, 1933. 





21 [fit had not been necessary to provide for the change in the volt, the electrical features of the comparator 
would still have been as they now are, but the 36 studs of the main dial could have been placed on a smaller 
circle which if filled would contain 52 studs instead of 56. 
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THE OPTICAL PROPERTIES, DENSITIES, AND SOLUBIL- 
ITIES OF THE NORMAL FORMATES OF SOME METALS 
OF GROUP II OF THE PERIODIC SYSTEM 


By F. W. Ashton, D. F. Houston, and C. P. Saylor 





ABSTRACT 


This paper presents data on the optical properties, densities, and solubilities 
in water from 0 to 100° C. of the normal crystalline formates of calcium, strontium, 
barium, magnesium, zine, and cadmium. The optical properties determined are 
the refractive indices, optic axial angle, elongation, interference figure, and dis- 
persion. The crystal system and habit are also given. 

The literature on previous work is discussed in connection with the present 
results. The system water-magnesium formate dihydrate was investigated and 
found to have a eutectic temperature of —5.05° C.+0.03 at a composition cor- 
responding to 14.0 g+0.1 of anhydrous salt per 100 g of water. 

The transition temperature of strontium formate dihydrate to anhydrous for- 
mate was found to be 72.0° to 72.5° C. and that of cadmium formate dihydrate 
to anhydrous formate to be 66.0° to 66.5° C. 

Harris’s adaptation of Dihring’s relation is applied to these salts, with cesium 
chlorate as a reference salt. 
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I. INTRODUCTION 


The formation of distinctive types or forms of crystals under given 
conditions has long been used by the organic chemist as a means of 
identifying certain classes of compounds, and most chemists have, 
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at some time or other, used a simple or compound microscope for the 
examination of their materials. The use of the polarizing microscope 
in the identification of chemical compounds is ett more wide- 
spread as the convenience and economy of time which may be so 
obtained are recognized. Its less prevalent use for organic materials 
is largely due, no doubt, to the fact that there are no extensive tables 
of optical properties of pure organic compounds like those available 
for minerals (1)' and inorganic compounds (2). Such tables are 
necessary for the ready recognition and differentiation of these 
substances. 

To encourage the use of so valuable a tool, it is desirable that there 
be determined, for series of organic compounds, accurate data which 
may serve as a source of reference for the organic chemist. The data 
should consist of those properties which would be of use in the micro- 
scopical identification of compounds—the optical character, the 
refractive index or indices, the optic axial angle, and the orientation 
of the principal optical directions with respect to those crystallo- 
graphic directions which can be recognized. Such other crystallo- 
graphic properties as the crystal system, crystal habit, and most 
commonly occurring form of crystal should also be given. Several 
articles have recently been published (3) which contain data of this 
type, and give references to the earlier work on this subject. 

In this paper there will be included data on density and solubility 
also, since they are frequently useful in the identification of pure 
compounds. 

The choice of the present subject for an initial project was gov- 
erned by several conditions. At the inception of the work it was 
realized that it would be necessary to develop methods for the prepa- 
ration of crystalline material of a sufficient degree of purity and in a 
form suitable for use with a microscope. It was also necessary to 
find more satisfactory immersion media for most of the organic 
compounds, since many of them are more or less soluble in the ordi- 
nary immersion liquids. It was decided, therefore, to begin with 
some of the simpler and more readily prepared compounds which 
could be investigated with the usual refractive index liquids. The 
formates of the elements of group II of the periodic system present 
such a series. Determination of the optical properties of these 
compounds, furthermore, forms a first step toward the preparation 
of tables of properties of the crystalline metallic compounds of the 
fatty acid series, and another possible method of identification of its 
members. Moreover, this group of formates is one for which some 
data exist, and the present work thus forms a check on previous 
results and supplies information hitherto lacking. This paper, 
therefore, presents the results of a study of the normal crystalline 
formates of calcium, strontium, barium, magnesium, zinc, and 
cadmium. No data are given for beryllium or mercury formate as 
no method has yet been found by which suitable crystalline material 
can be obtained. 

II. PREVIOUS WORK 


A survey of the literature of these compounds shows that data on 
optical properties, density, and solubility in water are often in dis- 
agreement, or are isolated or entirely lacking. 





! Figures in parentheses here and elsewhere in the text relate to the reference numbers given in the bibliog- 
raphy at the end of this paper. 
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Crystallographic descriptions of anhydrous calcium, strontium, and 
barium formates, and of the strontium, zinc, and cadmium formate 
dihydrates have been compiled by Groth (4). No crystallographic 
descriptions of magnesium Be or of anhydrous cadmium formate 
have been found. Determinations of the optical properties of anhy- 
drous calcium formate, of strontium formate dihydrate, and of barium 
formate are given by Schrauf (5), and of anhydrous strontium formate 
by Plathan (6). 

Schréder (7) gives values for the densities of the formates of calcium, 
strontium, barium, zinc, and cadmium, and Clarke (8) reports values 
for barium, cadmium, and zinc formates. Incidental to his crystallo- 
graphic studies, Plathan (6) reports density determinations on calcium, 
strontium, and barium formates; Wagner (9) gives data on calcium 
and strontium formates, and Alexatt (10) gives the density of stron- 
tium formate. The densities of calcium, strontium, and barium for- 
mates have also been calculated from X-ray data by Nitta (11). 

Determinations of the solubilities of the formates of calcium, 
strontium, and barium are reported by Stanley (12); of calcium and 
barium formates by Krasnicki (13); and of calcium formate by Lums- 
den (14). No values were found for the other salts except the state- 
ment by Souchay and Grolle (15) that magnesium formate is soluble 
in 13 parts of water. 

III, MATERIALS 


1. CALCIUM FORMATE 


The calcium formate used in this work was obtained from a com- 
mercial source. The salt, which is anhydrous, was recrystallized 
twice from aqueous solution, dried at 125° C., and stored in a desic- 
cator. The recrystallization served to remove insoluble matter con- 
taining iron. As was done with all the salts of this series except 
magnesium and zine formates, total metal was determined by the 
following method: A weighed amount of the formate, contained in a 
porcelain crucible, was treated with dilute sulphuric acid. The solu- 
tion was concentrated by evaporation, the acid driven off, and the 
residue ignited to dull redness, cooled, and weighed as sulphate. 
Combined strontium and barium were determined by the ether- 
alcohol separation of the nitrates (16), which gives slightly high 
results. The material contains a slight amount of magnesium (0.01 
percent). 

Caleulated: Ca from Ca(HCOO), = 30.80 percent. 

Found: Metals from sulphates, calculated as Ca=30.89, 30.85 per- 

cent. 
Strontium and barium, calculated as Ba=<0.05 percent. 


2. STRONTIUM FORMATE 


Strontium formate was prepared by adding strontium hydroxide 
to an excess of formic acid. It ecaialliaes as the dihydrate at ordin- 
ary temperatures and as the anhydrous salt above 70° C. The mater- 
ial was recrystallized in three fractions as the dihydrate, and the first 
fraction again recrystallized. It was then dried at 125° C. and ana- 
lyzed. A portion was later recrystallized from a slightly acid solution 
at 80° to 85° C. and well-formed crystals were obtained for optical 
investigation. The dihydrate was made by a recrystallization at 
room temperature of the analyzed material. 
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Calcium was determined by the ether-alcohol method (17), and 
barium in the residual material was determined by separation as 
dichromate (18). Total metals were also determined as the sulphates, 
and strontium was precipitated as the sulphate from an alcoholic 
solution (19). 

Calculated: Sr from Sr(HCOO), = 49.33 percent. 

H,0 from Sr(HCOO),.2H,0 = 16.82 percent. 
Found: Metals from sulphates, calculated as Sr = 49.33, 49.35 per- 
cent. 
Sr from alcohol-precipitated sulphates=49.32 percent. 
Ca from sulphate, calculated as metal=0.02 percent. 
Ba from dichromate, calculated as metal =<0.01 percent. 
H,0 from dihydrate = 16.86 percent. 


3. BARIUM FORMATE 


Barium formate, which is anhydrous, was obtained from a com- 
mercial source. It was recrystallized twice from aqueous solution, 
dried at 125° C., and stored in a desiccator. The crystallizations 
removed traces of iron and insoluble matter. Calcium and strontium 
were determined by the ether-hydrochloric acid separation of the 
chlorides (20), and total metal was determined as sulphate. 

Calculated: Ba from Ba(HCOOQO),.=60.41 percent. 

Found: Metals from sulphates, calculated as Ba=60.32, 60.35, 

60.33 percent. 
Ca and Sr from chlorides = <0.05 percent. 

A check sample was made in the laboratory by adding purified 
barium carbonate to an excess of formic acid. The carbonate was 
prepared from barium chloride (originally containing 0.05 percent 
of calcium and strontium) which had been twice extracted by means 
of ether-alcohol with an intervening fractional crystallization from 
aqueous solution. This purified chloride was treated with ammonium 
carbonate of high purity, and the resultant barium carbonate thor- 
oughly washed. Phe barium formate from this preparation was 
fractionally crystallized, and was found to have the same optical 
properties as the previous preparation. 


4. MAGNESIUM FORMATE 


The magnesium formate was prepared by adding basic magnesium 
carbonate, containing about 0.02 percent each of calcium and iron, 
to an excess of formic acid. It was purified, as the stable dihydrate, 
by recrystallization from an aqueous solution containing a small 
amount of formic acid to prevent the formation of basic salts. The 
magnesium content was determined by precipitation and ignition to 
the pyrophosphate, and also by ignition to the oxide; the latter value 
more exactly represents total metals as oxides. The moisture de- 
terminations are not dependable, since there is a tendency to form a 
basic salt and liberate acid when driving off moisture. This in turn 
gives rise to somewhat high values for magnesium in the dehydrated 
salt. The tendency to lose acid is further discussed in connection 
with measurements of the density of this material. 

Calculated: Mg from Mg(HCOO),= 21.27 percent. 

H,O from Mg(HCOO),.2H,O = 23.95 percent. 

Found: Mg weighed as Mg.P,0,= 21.37, 21.43 percent. 

Metals from oxides, calculated as Mg =21.39 percent. 
H,O from dihydrate = 23.52, 24.99 percent. 
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5. ZINC FORMATE 


Zine formate, which crystallizes as the dihydrate, was prepared and 
purified at the Naval Research Laboratory. It was further twice 
recrystallized from 1 percent formic acid solution, dried at 125° C., 
and stored in a desiccator. The dihydrate was again formed by 
crystallizing the above salt at room temperature from a 1 percent 
formic acid solution by the addition of 95 percent alcohol. 

Calculated: Zn from Zn(HCOO), = 42.07 percent. 

H,O from Zn(HCOO),.2H,0 = 18.82 percent. 
Found: Metals from oxides, calculated as Zn = 42.06, 42.08 percent. 
H,O from dihydrate = 18.78 percent. 


6. CADMIUM FORMATE 


The cadmium formate, which crystallizes either as the dihydrate 
or the anhydrous salt, was obtained from a commercial source. 
Heating the solution on the steam bath gave a precipitate containing 
iron, which was filtered off. The salt was then twice recrystallized 
from a weak formic acid solution. The product was dried at 105° C., 
stored in a desiccator, and analyzed. The dihydrate was then formed 
by recrystallization of the analyzed salt at room temperature from a 
1 percent formic acid solution. The anhydrous salt was obtained by 
recrystallization of the analyzed salt from 1 percent formic acid 
solution at 70° to 75° C. 

Calculated: Cd from Cd(HCOO),=55.52 percent. 

H,0 from Cd(HCOO),.2H,O=15.12 percent. 
Found: Metals as sulphates, calculated as Cd = 55.47, 55.50 percent. 
H,O from dihydrate = 15.12 percent. 


IV. OPTICAL PROPERTIES 


The optical properties of this group of compounds were determined 
by the usual methods of optical petrography.? According to these 
general methods, crystals or mr fragments are immersed in liquids 
chosen from a series of which the refractive indexes vary progressively. 
Different liquids are tried until one is found with a refractive index as 
nearly as possible the same as that of the crystal when viewed by 
plane polarized light, vibrating parallel to a principal vibration 
direction in the crystal. Adjacent liquids in the series are finally 
mixed in order that the refractive index of the crystals may be deter- 
mined more accurately. In this way three refractive indices at right 
angles to each other are determined for each substance. 

In the present work the orientation of every crystal or crystal 
fragment upon which an index is based was checked by means of its 
interference figure. To determine the relation between the refractive 
indices of the immersion liquid and the crystals both the method of 
central and the method of oblique illumination were employed. 
When a crystal index was matched by a mixture of liquids, the refrac- 
tive index of the liquid for sodium light was determined by readings 
with an Abbe refractometer. In the operation of matching, either 
mean white light or monochromatic light from a mercury vapor 
lamp, \=0.577—9y, was employed. Since the dispersion of the 
liquids is only slightly greater than that of the crystals, this procedure 
gives results which are correct for sodium light within the limit of 


* These methods can be found summarized in any manual of optical petrography; for example, Albert 
Johannsen, Manual of Petrographic Methods, John Wiley & Sons, New York, 1918. See also reference |. 
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accuracy of the method of matching. The error in the determination 
of refractive indices is believed to al not greater than + 0.002. 

The optic axial angles of barium formate and strontium formate 
dihydrate were determined by universal stage methods (31) upon 
whole crystals grown directly upon the microscope slide where they 
were studied. The optic axial angle of anhydrous strontium formate 
was determined upon crystal fragments with an oil-immersion objec- 
tive, N.A. 1.45, and the optic axial angles of magnesium formate, 
zinc formate, the two cadmium formates, and calcium formate were 
determined upon crystal fragments with a dry objective, N.A. 0.85. 
Determinations were made by interference inane upon fragments 
with the acute bisectrix approximately perpendicular to the stage of 
the microscope. The relation between polar distance in the inter- 
ference figure and the obliquity of a ray was directly determined with 
an Abbe apertometer. From the corrected obliquities, p,; and po, of 
the optic axes and the angle, 0, between the two planes which con- 
tain the axis of the microscope and an optic axis, the optic axial 
angle, 2V, was calculated from the relation 


cos 2V=cos p; COS po+siN p; SIN p2 Cos 8. 


The data are summarized in table 1, which is self-explanatory save 
for the following: In the last column drawings of crystals are exhibited 
in the positions in which they ordinarily occur when grown upon the 
microscope slide. To the right of each crystal is a key to its optical 
orientation. A stereographtc projection indicates the directions of 
a, B, y, the optic axes, and the acute and obtuse bisectrices. Their 
points of emergence on the surface of the sphere of projection are 
represented by uniform symbols. Planes of optical symmetry are 
drawn as dotted lines, and directions which lie in the plane of the 
projection are indicated by full lines. In column 7 the faces of 
rhombic crystals have been described with reference to vibration 
directions rather than crystallographic directions, because the latter 
are often ambiguous under the microscope. 

The refractive indices of anhydrous strontium formate differ from 
the values found by Plathan (6a) and those of barium formate differ 
from Schrauf’s (5) more than can be explained by any probable error 
of observation. It is thought that the discrepancy is due to differ- 
ences in the purity of the samples. In Schrauf’s publication there is 
no record of any analysis having been performed. To describe his 
samples, Plathan employed the dubious phrase that they were “‘spec- 
troscopically pure’’! The analyses of the samples used in this work 
are given on page 236. Samples of barium formate from two inde- 
pendent sources were employed and their optical properties were de- 
termined by separate observers with the tdowing results: 
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et purified from commercial formate. ....................-...-- 1, 567 1. 587 1, 627 
Ba(HCOO); made from barium chloride......................-...-.--..-- 1. 566+ 1. 587 1. 628 














The values observed for strontium formate dihydrate agree with 
those of Schrauf, but those for the anhydrous salt differ sharply from 
Plathan’s values. The difficulties in separating members of the alka- 
line-earth series still persist, but they were much less surmountable 
35 years ago. For this reason it is plausible to suppose, particularly 
in the absence of detailed analyses, that some of these earlier salts 
were contaminated by other members of the isomorphous series. 
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In the following description of the crystals of these formates, 
reference is made to the drawings in the last column of table 1. For 
each substance the drawing to the left is indicated by (A), that to 
the right by (B). 


(a) CALCIUM FORMATE 


Crystal system and habit—Rhombic. Bipyramidal crystals with 
pinacoid perpendicular to 8. Grown upon a microscope slide they 
stand upon this pinacoid (A) or upon a bipyramid face. When the 
stand upon the bipyramid face they exhibit the diamond-shaped, 
hexagonal, or triangular outlines characteristic of this form. 

Refractive indices (np).—a (=1.510) and y (=1.574) are exhibited 
by crystals (A) grown upon the pinacoid face. 6 (=1.514) could only 
be determined upon fragments. 

Other optical properties—Biaxial, positive. Optic axial angle 
2V =26°. 

Interference figures.—Crystals like (A) exhibit optic-normal figure. 


(b) STRONTIUM FORMATE 


Crystal system and habit—Rhombic. Crystals were not grown on 
the microscope slide. There are three primary domes and a pinacoid 
perpendicular to y. Crystals precipitated by addition of hot alcohol 
to a hot solution are lath-shaped and elongated parallel to a. 

Refractive indices (np).—a (=1.543), B (=1.552), and y (=1.574) 
were all determined upon fragments. 

Other optical properties —Biaxial, positive. Optic axial angle 
2V=73°. Dispersion of the axial angle: v>p. 


(c) STRONTIUM FORMATE DIHYDRATE 


Crystal system and habit—Rhombic. Principal forms are a pinacoid 
perpendicular to 6 and domes parallel to a and y. Grown upon a 
microscope slide they rest, as in (A) upon the pinacoid, or upon the 
dome parallel to a as in (B). 

Refractive indices (np).—a (=1.484) and y (=1.537) were deter- 
mined on crystals like (A) which rest upon the pinacoid. 6 (=1.518) 
was determined on fragments. 

Bag optical properties—Biaxial, negative. Optic axial angle, 
2V=65°. 

Interference figures.—Crystals like (A) on a pinacoid face exhibit 
an optic-normal figure. 


(d) BARIUM FORMATE 


Crystal system and habit—Rhombic. Crystals grown on a micro- 
scope slide rest upon a dome parallel to a. Another form is a dome 
parallel to 8. Precipitation with alcohol yields needles elongated 
parallel to a. 

Refractive indices (np).—a (= 1.567) is parallel to the long direction 
of crystals as they grow on a slide. 6 (=1.587) and y (=1.627) were 
determined on fragments. 
as optical properties.—Biaxial, positive. Optic axial angle, 

Interference figure-—With an objective of numerical aperture 0.85, 


the acute bisectrix and principal plane of crystals like (B) lie just 
outside the field. J ee ny: - ’ 


205—83—6 
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(ec) MAGNESIUM FORMATE DIHYDRATE 


Crystal system and habit—Monoclinic. Crystals (A) grown slowly 
are bounded by plane surfaces and have the same habit as zinc for- 
mate dihydrate. When grown on the microscope slide many of them 
are twinned and all of them are bounded by curved surfaces. 

Refractive indices (np).—a (= 1.468) and y (=1.518) are commonly 
observed on the curved crystals (B) grown on the slide. 8 (=1.476) 
bisects the obtuse angle in crystals like (A). 

Other optical properties.—Biaxial, positive. Optic axial angle, 
2V=42°. Dispersion of the axial angle: p>». 

Interference figures.—Whole crystals like (A), in table 1, show an 
optic axis inclined 6° from center. 


(f) ZINC FORMATE DIHYDRATE 


Crystal system and habit.—Monoclinic. When grown on a slide the 
crystals are as represented in table 1. When precipitated by alcohol 
they are elongated parallel to @. 

Refractive wndices (nn).—a (=1.513) and y (=1.566) were deter- 
mined on fragments. 8 (=1.526) can be determined on nearly any 
whole crystal. 

Other optical properties — Biaxial, positive. Optic axial angle, 
2V =38°. 

Interference figures.—Whole crystals like (A) show an optic axis 
inclined 3° from center. 


(g) CADMIUM FORMATE 


Crystal system and habit.—Rhombic. Principal forms are brachy- 
pinacoid, bipyramid, prism, and macropinacoid. The acute bisectrix 
is perpendicular to the brachypinacoid. 4@ is parallel to the crystal- 
lographic axis a. Satisfactory crystals for the determination of the 
system are difficult to obtain. Massive groups and clusters of 
needles parallel to each other are common. 

Refractive indices (np).—All indices were determined upon irregular 
fragments. a=1.588, B= 1.607, y= 1.685. 

Other optical properties.—Biaxial, positive. Optic axial angle, 
2V =26°. 

(h) CADMIUM FORMATE DIHYDRATE 

Crystal system and habit.—Monoclinic. Crystals grown on a slide 
have the same habit as zinc formate dihydrate. Grown in a beaker 
(A) they have several additional forms. 

Refractive indices (np).—a= 1.496, B= 1.506, y = 1.547. 

Other optical properties —Biaxial, positive. Optic axial angle, 
2V=40°. 

Interference figures.—Whole crystals like (A) exhibit an optic axis 
inclined 16° from center. 


V. DENSITIES 
1. APPARATUS AND PROCEDURE 


For the determination of density the pycnometer method was used. 
The pycnometer was of the type employed by Richards, Hall, and 
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Mair (21) and is illustrated in figure 1. Each of the ground glass 
joints was given a broad bevel (1:5), finely ground, 
to insure reproducible settings. That this was 
achieved, though no lubricant was used, is shown by 


the fact that the weight of the pycnometer contain- Pa 
ing xylene and a salt, and adjusted to the volume A 
mark at 20° C., was reproducible to 0.2 mg. 74 


For the measurements a temperature of 20.000° 
C. + 0.005 was maintained by means of a large water 
bath, which is further described in connection with 
the solubility determinations. 

The density was determined in all cases upon B 
ground samples to prevent errors due to the pres- 
ence of voids or inclusions of mother liquor. The 
salt, after weighing the sample in the pycnometer, 
was covered with the reference liquid and the appa- 
ratus placed in a vibrating chamber under reduced 
pressure to remove all entrapped air. The pyc- 
nometer was then filled and held at the desired tem- 
perature for an hour. The volume of liquid was 
then adjusted, and the pycnometer removed, dried, 
and allowed to stand im the balance case for one 
half hour before weighing. 

The reference liquid used was xylene. It was 
purified and dried over sodium hydroxide, then over 
sodium wire, and finally distilled; the first and last 
portions were rejected. It was stored in a glass 
container and its density was determined just be- 
fore the series of density determinations. Figure 1.—Appa- 

Slight evaporation of the reference liquid oc- sone ker eonnty 
curred, as no lubricant was used on the ground 4 2 iina class joints: 
glass joints. This was evaluated and a correction 7, volume adjustment 
made for it. In all weighings the pycnometer ™** 
was counterpoised by a duplicate, and all weighings were corrected to 
vacuum. 











2. EXPERIMENTAL RESULTS 


The values obtained, together with the results of previous investi- 
gators for comparison, are given in table 2. 


TaBLE 2.—Densities 

















Previous investigations Present results 
— Calculated | In erystallo- Weighted 
from X-ray| graphic ir- | Pycnometric| Individual| ‘’® 
data vestigations aveeage 
OOO he ini Si se 1 2.02(11) 2.015 % 2.009 (7b) 2. 0133 
2.023 (9) 2.021 (7a) . oso 2. 014 
Eo) RRS a See eae ars 2.71011) 2. 693 f 2. 667 (7b) 2. 6975 
Sad 4 ie 
Sr(HCOO);.2Hs0_............--.----- 2.26(11) | 2. 254 10) ae 2. 2467 
2.259 (9 2. 257 (7b) 2. 2445 
2. 234 (7b) 2. 2481 2. 246 
2. 266 ora 
2.252 (7a, 











Figures in parentheses refer to reference numbers in the bibliography at the end of this paper. 
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TABLE 2.—Densities—Continued 











Previous investigations Present results 
Salt = In a » ic | Individual Weighted 
rom X-ray| graphic in- yenometric | Individu 
data vestigations average 

Ret Oia. Gains beak 3. 24(11) 3.240 (6) 3.471 (8) 3. 2481 

3.193 (7a) 3. 2462 
3.219 (7a) 3. 2508 3. 248 

3. 203 (7b) 
3. 233 (7b) 

kk EERE of, Cee one) IRL ten ge eo! Rae eR inl RNR i ieiewi 2 1.7442 
21,7470 91.75 

21,7518 

Mag(HOOC iO... 520 ee Be a ee es 1, 8008 
1, 7977 1.797 

1, 7860 

pb et |) i ae Te tele? AS Ta Tr ROY eRe eae OF 2. 368 (7b) 2. 2634 
2. 2680 2. 268 

2. 2696 

Pal OOD se TD. .o is oon ess iced senda i Ba aieeabn ks 2. 1575 (8) 2. 2057 
2.339 (7a) 2. 2088 2. 207 

2.205 (7b) 2. 2052 

8 Ces 5 NSE Se eee ae” ae pie UIT oe Sewer am a Teen eee) IE, 3. 2983 
3. 2980 3. 297 

3. 2938 

CREED is I oases tate a cn Uh arnt bind tiacaniadinanie 2.429 (8) 2. 4448 
2. 427 (7b) 2. 4457 2. 445 

2. 477 (7b) 2. 4438 




















2 The accuracy of these values is questionable. 
3. DISCUSSION OF RESULTS 


Two sources of possible error must be considered in evaluating the 
present results, one arising from the material and one from the 
procedure. 

The probability that impurities in the present samples affected the 
results is negligible, though the possibility of incomplete removal of 
entrapped air may well be considered. Though the magnitude of such 
an effect cannot be readily estimated of itself, the fact that it is not 
large may be assumed from the reproducibility of the results. Single 
low values occur in the cases of magnesium formate dihydrate, and 
anhydrous zinc and cadmium formates. These may be the results of 
incomplete removal of air, and are accordingly weighted one half the 
other results in computing the average. 

In view of the limitations imposed by these causes it is believed that 
the weighted averages given in table 2 are accurate to + 0.002 except 
for anhydrous magnesium formate. 

The result given for this latter salt represents the best values obtain- 
able on the material dried at 110° C. and under 5 mm pressure. 
Xylene was added at pressures of 3 mm and less to insure complete 
removal of entrapped air. This salt shows a very strong tendency 
to lose acid during dehydration, though Kendall and Adler state thatit 
may be dried to constant weight at 110° C. with negligible hydrolysis 
and loss of acid (22). An attempt to secure sotoea anhydrous 
formate by heating it under xylene in an apparatus similar to that 
for determining the water content of oils (23) resulted in appreciable 
loss of acid and lower density of the remaining material. 

The majority of previous density determinations on these materials 
have been made by Schréder (7). His results show considerable 








variation among the values for single salts, and consistently higher 
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values for powdered material than for complete crystals. Though 
he indicates the materials to be of good quality, detailed information 
is generally lacking. 

The values given from Clarke’s laboratory (8) are said to be “the 
mean of several closely concordant estimations”, and the specific 
gravity of cadmium formate is recorded as 2.429. Schréder, however, 
states (24) that the values found by Breen in Clarke’s laboratory for 
this salt are 2.421 to 2.438. 
Breen’s value for barium for- 
mate is so high as to appear = =s-_—©____.. 
in error. No analyses are C—*/77->=773\ 
given for these salts. 

The measurements made in 
connection with crystallo- 
graphic investigations are in 
better agreement, though 
information concerning 
methods of preparation, and 
of purity, is usually not given. 

The values obtained from B—- 
X-ray investigations are essen- 
tially in agreement with the 
present findings. 
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VI. SOLUBILITIES i ’ ed ‘aed 


1. APPARATUS AND PRO- 
CEDURE 


The apparatus used in de- 
termining the solubility of 
these salts in water is shown 
in figure 2. It was con- 
structed in such a manner 
that filtration could be carried 
out within the main solution, , _ ~—— 
and was arranged for sam- A - 
pling by pressure, rather than 
suction, to prevent loss of 
solvent. The filter tube was 








immersed in the solution just ey K 

before sampling so that any a 3 

liquid in the tube would be Fieure 2.—Apparatus for solubility 
determinations. 


near equilibrium conditions. : : shoo 
The tube was, however, kept  rest’position, D, motor-driven stitrer; rubber connection; 
partially in the solubility Zyirsted solution; K. exces 
chamber so that it would be 
at approximately the correct temperature. 

Solubilities at 0° C. were determined with the chamber in a bath 
of melting ice. 4 a 
_ At all other temperatures the solubility chamber was immersed 
in the constant-temperature water bath. This bath was contained 
in a well-insulated 16-liter earthenware jar, was covered with a layer 
of paraffin, and was fitted with a mechanical stirrer. For heating 
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above room temperatures, the bath was equipped with knife-type 
heaters and electric lamps wired in parallel and actuated by a mer- 
cury regulator of the positive action type designed by H. J. Wing (25). 
Xylene was used as the expansion liquid, rather than toluene, to 
lessen evolution of gas at the higher temperatures. For temperatures 
below that of the room the bath was cooled by an immersed coil 
carrying tap water or ice water and compensated by the above 
heating and regulating units. At or near room temperature the 
control was within +0.005° C., though at the extremes of the range 
it was not better than +0.05° C. 

The procedure was the same for all salts except magnesium formate. 
In this case difficulties were encountered which demanded further 
investigation, and the results are discussed separately. 

In all but a few instances saturation equilibrium was approached 
from both directions. The solubility at any temperature was 
determined after adjusting the solution to that temperature from one 
approximately 10° C:. above or below. It was found that equilibrium 
was not surely attained in some cases, particularly at the lower 
temperatures, in less than 4 hours; accordingly, the procedure was 
developed of taking samples morning and evening. This gave 
periods of 6 to 18 hours. Both the solution and the bath were stirred 
continuously during the period of attainment of equilibrium. 

The filter tube, after cleaning and drying, was fitted with a new 
cotton filter plug, introduced nearly to the solution, and allowed 
to come to temperature before immersion. Duplicate samples of 
1 to 3 ml were taken after the filter had been immersed a short while. 
A few milliliters of solution were first forced over to bring the tube 
to temperature and overcome any change in concentration caused by 
adsorption on the filter. A sample was next filtered into a weighed, 
clean, dry, weighing bottle which was immediately closed with a 
ground glass stopper. Several more milliliters were forced over and 
then a second sample was taken. The weighing bottles were allowed 
to come to room temperature and weighed. The solutions were 
evaporated in an uven heated to 125° C., cooled in a desiccator, and 
the bottles reweigned. From the weight of anhydrous salt thus 
obtained, the solubility in grams per 100 g of water was calculated. 


2. INVESTIGATION OF MAGNESIUM FORMATE 


The same procedure for sampling was possible in the case of this 
salt, but attempts to evaporate the solutions led to decomposition. 
Check values could not be obtained. Accordingly the weighed solu- 
tion was transferred to a porcelain crucible, evaporated to dryness, 
and the residue ignited to magnesium oxide. In this way concordant 
values were obtained on duplicate samples. 

This procedure gave results which accurately determined the 
solubility at higher temperatures, but below 40° C. gave too large 
an uncertainty. This was at first believed to be due to a change of 
hydrate in equilibrium, but analyses of the salt in contact with the 
saturated solution at various temperatures from 0° to 75° C. showed 
it to be the dihydrate in all cases. 

In order to locate the lower portion of the solubility curve more 
accurately, the eutectic of the system Mg(HCOO),—H,0O was deter- 
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mined. This was done by determining the freezing points of a series 
of solutions containing known graduated amounts of magnesium 
formate. Measurements of the freezing point of solutions containing 
5.7 g and less of magnesium formate per 100 g of water have been 
made by Calamé (26). The present measurements were made with 
solutions having concentrations greater than those used by Calamé. 
Determinations were made in the Beckmann type of apparatus, with 
constant stirring, and the temperatures were determined with a 
thermometer graduated in 0.1° C. and calibrated at this Bureau. 
In this way the ice curve and the eutectic temperature of the system 
were located. 

The upper, definite portion of the solubility curve was then extra- 
polated to meet the ice curve at the eutectic temperature, which 
gives a lower portion of the solubility curve within the limits found 
by the earlier procedure. The accuracy of this location is further 
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Fiaure 3.—Solubility of calcium formate. 
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indicated by the agreement obtained in the adapted Diihring’s 
relation, which is presented in a following section. 


3. EXPERIMENTAL RESULTS 


The various investigations (12)(13)(14) of the solubility of cal- 
clum formate in water agree rather closely. This salt was accord- 
ingly investigated at two points to check the present method. The 
values, shown in figure 3, are concordant with previous data. 

The values obtained for the solubility of strontium formate are 
shown in figure 4, together with the results of Stanley (12) for ready 
comparison. 

The two existing determinations of the solubility of barium formate 
(12)(13) are not at all in agreement. They are given in figure 5, 
together with the results of the present investigation. 

No previous determinations of solubility were found for the 
formates of magnesium, zinc, or cadmium, except the statement (15) 
that magnesium formate is soluble in 13 parts of water. The solubili- 
ties found for zine and cadmium formates are given in figure 6, and 
the results of the investigation on magnesium formate in figure 7. 

The solubilities of the formates investigated are shown in table 3 at 
10-degree intervals; the solubilities of strontium and cadmium for- 
mates are also shown at the transition points. 
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Figure §.—Solubility of barium formate. 
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TABLE 3.—Solubilities 
Solubility in grams of anhydrous salt per 100 g of water 
Temperature (in ° C. Sie. | 6 (tS 1S. te 18. Te 
emperature (in ) S So ° S S90 Rf) So > 
O 5 ; oO 2) 12) 
& |88 | 2] es | BR | BR | eR] 
~ | 5 cy V bo — — ww 
618 E a1. ia Ts o 
OE ciciewab aticnuneuistesns cued 16.2 ee PRaresaae 26. 2 14.0 3.7 2 eee 
RE SOS eee Le ety 16.4 5 Ge: 28.0 14.1 4.3 11,1 
SREY OS ETRY SP RESERREE SE SAT 16.6 8 t Se 29.9 14.4 5.2 14.4 
Be TE EEL TE oS SOOO 16.8 | 5 EE 31.9 15.0 6.1 3 2 eee 
cee sisi eesti eck 17.0 O00 Tas cscu 34.0 15.9 7.4 wee f...... 25 
TE i. din nadvetannidund wicks <kuaanl 17.3 2p ee 36.3 16.8 9.2 38. 5 
I TDG EE ES ES 17.5 BAD ticcccete 38. 6 18.0 11.8 oo & SS 
ITE ELLA ENA CS ERE AUS BR REY RRR AO TS RRR, 8 RRS ESSAY OE net ig SR 
i EE LE: IIE SEMA SE SR 17.7 5B aaa 41.3 19. 2 BO. © i. detens> 77.0 
BF POPE RTS HS TEI 1 Pe SN GS Sinai wesbavensdlchendeanisbunwesslcaedeethendeoua 
RES NF eS EES: SNS 8) eee 31.9 44,2 20. 6 » SR Re 80. 5 
OO sarees ae a een ££ een 32.9 47.6 22.2 ep pee 85. 2 
Bits os nckcitidsndnsstiwduuicdaniiae Necnbaaa 16,4 Tana ce 34. 4 51.3 24.0 eas ES Si 94.6 





























4. DISCUSSION OF RESULTS 


In the present series of experiments duplicates usually checked 
within 0.05 g of anhydrous salt per 100 g of water, and determina- 
tions approaching equilibrium from saturation conditions on either 
side located the desired points within 0.2 g in nearly all cases. Since 
the temperature was closely controlled and accurately known, it is 
believed that the determinations for all the salts except magnesium 
formate are accurate to +0.1 g of anhydrous salt per 100 g of water. 
These same limits hold in the upper range for magnesium formate, 
but not below 40°C. Because of corroborating evidence it is thought, 
however, that these latter values are accurate within + 0.25 g per 
100 g water. 

The agreement of the values found for calcium formate with previ- 
ous closely concordant values indicates that the method and procedure 
are capable of yielding accurate results. 

The data on the solubility of strontium formate given by Stanley 
(12) contain an incorrect factor for converting strontium sulphate to 
formate, which results in low values throughout his table. The 
corrected values are given in figure 4. Information concerning the 
details of the investigation is very meager. No other investigator 
has confirmed the existence of the monohydrate, which Stanley gives 
(without offering proof of its composition) as the form in equilibrium 
above 84° C. In the present investigation only the anhydrous salt 
was found in this temperature range. 

Stanley’s results for barium formate cannot be better evaluated 
than those for strontium formate. His table of data includes arith- 
metical errors, and his value for barium as sulphate is 0.64 percent 
below the theoretical; values plotted in figure 5 have been corrected 
for the former effect. The values given by Krasnicki (13) indicate, by 
the shape of the curve obtained, that his apparatus became increas- 
ingly inadequate as its temperature departed from that of the room. 
The apparatus consisted of an adaptation of a large air bath used by 


2 Corrected values are given in A. Seidell, Solubilities of Inorganic and Organic Compounds, 2d ed., DP. 
681, D. Van Nostrand Co., New York, 1919. 
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previous investigator (27), and was apparently incapable of maintain- 
ing the necessary temperatures. The work of other investigators 
(14) (28) on the solubility of some of the salts which Krasnicki in- 
vestigated, and on similar salts, indicates a systematic error in the 
work of the latter investigator. 


5. TRANSITION POINTS 


In the case of both strontium and cadmium formates the dihydrate 
in equilibrium with saturated solution at room temperatures is re- 
placed by the anhydrous salt at a higher temperature. The point of 
transition in each of these cases is determined in the present investiga- 
tion from the break obtained in the solubility curve. 

This transition was found to occur for strontium formate at 72.0° 
to72.5°C. This is not in agreement with the findings of Stanley (12), 
but is closely concordant with the temperature 71.4° to 72.4° C. found 
by Plathan (6) using a dilatometric method. The transition for cad- 
mium formate occurs at 66.0° to 66.5° C. No previous value was 
found. 


VII. HARRIS’S ADAPTATION OF DUHRING’S RELATION 


It has recently been shown by R. L. Harris (29) that Dihring’s 
empirical relation for vapor pressures may be adapted to give a rela- 
tion for the solubilities of anhydrous inorganic salts. Dihring showed 
that, if the temperatures at which a substance exhibits known vapor 
pressures are plotted against the temperatures at which a second sub- 
stance has the same vapor. pressures, a straight line is obtained. 
Harris adapted this by substituting molal concentration for vapor 
pressure, and obtained a similar relation. 

This does not hold true for hydrated salts in many cases, as Harris 
pointed out, though some do give a series of lines with intersections 
at transition points. Many hydrates give a straight line until they 
approach a transition and then swing off in a curve. Other hydrates, 
and some organic salts, show a regular curve instead of a straight line. 

Since the salts here investigated show both the hydrated and an- 
hydrous forms, and since they may be considered as being on the bor- 
der line between organic and inorganic salts, it was decided to apply 
the modified Diihring relation to them. A reference salt with com- 
parable solubility was found in cesium chlorate (30). 

The results of the application are shown in figure 8, from which it 
may be seen that all the anhydrous forms occurring in the series show 
the straight-line relation. The curve for anhydrous cadmium for- 
mate is plotted using extrapolated values for the reference salt. 

Strontium formate dihydrate shows the exception noted by Harris 
of giving a line, straight in the lower portion of the range, and swing- 
ing off into a curve as it approaches the transition point. The di- 
hydrates of zine and cadmium formates show curves over their entire 
ranges. 

_The values for magnesium formate dihydrate, taken from the solu- 
bility curve obtained by joining the definite upper portion to the defi- 
hite eutectic point, give a straight line. This corroborates the values 
obtained for the solubility of magnesium formate below 40° C. 

















252 





Bureau of Standards Journal of Research 
VIII. ACKNOWLEDGMENT 


Quantities of a number of metallic formates, of which several were 
used in this investigation, were kindly supplied by Dr. F. R. von 
Bichowsky, of the United States Naval Research Laboratory. This 
assistance is gratefully acknowledged. 


IX. BIBLIOGRAPHY 


1. E. S. Larsen, The Microscopic Determination of the Nonopaque Minerals, 
U.S. Geological Survey Bull. 679, Government Printing Office, Washington, 


1921. 
2. (a) A. N. Winchell, The Microscopic Characters of Artificial Solid Substances 
or Artificial Minerals, J. Wiley & Sons, Inc., New York, 1931. 





































































































ra} 100 

oO 

= s0}-— , 

“Se a 

© S$ 

}— 80 | 
5 I } 
Bm e- 
Lud , 
— 60 2 
z , 
B s0 é : 
jo) ‘ 
oo 40 
= / FORMATES 
> 30 H oO Mg é 
j if eCa 

< 4Sr 

20 AZn 

ie / OBa 

O e @ Cd 

ad a 

= 

0 





0 10 20 30 40 SO 60 70 80 90 100 10 
TEMP. OF SATURATED CsCiO3 SOLUTION IN °C. 


Fiaure 8.— Modified Diihring’s relations of formaies. 


(b) P. Groth, Chemische Krystallographie, 5 vols., Wilhelm Engelmann, 
Leipzig, 1906-1919. 
(c) International Critical Tables, vol. 1, pp. 165-174, McGraw-Hill Book 
Co., New York, 1926. 
3. (a) W. M. D. Bryant, J. Am. Chem. Soc., vol. 54, p. 3758, 1932. 
(b) J. B. Wilson and G. L. Keenan, J. Assoc. Official Agr. Chem., vol. 13, p. 
389, 1930. 
(c) M. Phillips and G. L. Keenan, J.Am.Chem.Soc., vol. 53, p. 1924, 1931. 
(d) Se H. Morris, J.Am.Chem. Soc., vol. 54, p. 2843, 1932. 
(e) C. F. Poe and J. E. Sellers, J. Am.Chem. Soc., vol. 54, ni: 249, 1932. 
(f) International Critical Tables, vol. 1, pp. 278-280, cGraw-Hill Book 
Co., New York, 1926. 
4. P. Groth, Chemische Krystallographie, vol. 3, pp. 7 et seq., Wilhelm Engel- 
mann, ‘Leipzig, 1910. 


















re 
n 
is 


n, 


es 








5. 
6. 


WasHINGTON, June 1, 1933. 





Sern Formates of Some Metals of Group II 253 


A. Schrauf, Sitzber. Akad. Wiss. Wien, Math. naturw. Klasse, vol. 42, p. 
125, 1860. 

(a) A. Plathan, Ueber eine isomorphe Reihe von Formiaten des Calcium, 
Strontium, Baryum und Blei, p. 16, O. W. Bachmans Buchdruckerei, 
Kuopio, 1897. 

(b) A. Plathan, Dissertation, Helsingfors, 1900. (An extended study of the 
same material found in 6a.) 

(a) H. Schréder, Ber., vol. 8, p. 199, 1875. 

(b) H. Schréder, Ber., vol. 14, p. 21, 1881. 

F. W. Clarke, Am.Chem.J., vol. 2, p. 174, 1880-81. 

L. Wagner, Z. Krist., vol. 50, p. 49, 1912. 


. P. Alexatt, Bull. Soc. Imp. Naturalistes Moscou, 1897, pp. 446-468, 1898. 


From abstract in Z. Krist., vol. 32, p. 504, 1900. 


. I. Nitta, Sci. Papers Inst. Phys. Chem. Research (Tokyo), vol. 9, p. 151, 1928. 
. H. Stanley, Chem. News, vol. 89, p. 193, 1904. 

. E. v. Krasnicki, Monatsh., vol. 8, p. 595, 1887. 

. J. 8. Lumsden, J.Chem.Soc., vol. 81, p. 350, 1902. 

. A. Souchay and C. Grolle, J. prakt. ch 


em., vol. 76, p. 474, 1859. 
W. F. Hillebrand and G. E. F. Lundell, Applied Inorganic Analysis, p. 490, 
J. Wiley & Sons, Inc., New York, 1929. 


. Ibid., p. 491. 


Ibid., p. 492. 


. Ibid., p. 503. 
. Ibid., footnote, p. 493. 


T. W. Richards, L. P. Hall, and B. J. Mair, J.Am.Chem.Soc., vol. 50, p. 
3308, 1928. 

J. Kendall and H. Adler, J.Am.Chem.Soc., vol. 43, p. 1476, 1921. 

E. W. Dean and D. D. Stark, J.Ind.Eng.Chem., vol. 12, p. 487, 1920. 


. H. Schréder, Ber., vol. 14, p. 23, 1881. 

. H. J. Wing, Ind.Eng.Chem., Anal. ed., vol. 2, p. 196, 1930. 
. P. Calamé, Z. physik. Chem., vol. 27, p. 405, 1898. 

: a Sg er, Monatsh., vol. 6, p. 563, 1885. 

. @ ed 


alker and W. Fyffe, J.Chem.Soc., vol. 83, p. 173, 1903. 
(b) H. J. Wing and T. J. Thompson, J.Am.Chem.Soc., vol. 48, p. 104, 1926. 
(c) H. J. Wing, J.Am.Chem.Soc., vol. 49, p. 2859, 1927. 


. R. L. Harris, Ind.Eng.Chem., vol. 24, p. 455, 1932. 
. International Critical Tables, vol. 4, p. 243, McGraw-Hill Book Co., New 


York, 1928. 

R. C. Emmons in A. N. Winchell’s Microscopic Characters of Artificial 
Inorganic Solid Substances, pp. 130-142, J. Wiley & Sons, Inc., New York, 
1931. 

















ee ee a eee 











U.S. DeparTMENT OF Commerce, BuREAU oF STANDARDS 
RESEARCH PAPER RP588 
Part of Bureau of Standards Journal of Research, Vol. 11, August 1933 


EFFECT OF GLASS CONTAINERS ON THE ELECTROMO- 
TIVE FORCE OF WESTON NORMAL CELLS 


By G. W. Vinal and M. Langhorne Howard 


ABSTRACT 


Improvements in the reproducibility and constancy of electromotive force 
(emf) of Weston normal cells have resulted from many previous researches, but 
little attention has hitherto been given to effects which may be produced by 
the glass containers. Accelerated experiments have now been made by adding 
samples of glass in powdered form to the mercurous-sulphate paste and the 
resulting effects have been found to parallel the behavior of other cells which 
have been under observation for longer periods of time. Various chemical com- 
pounds have also been added to the paste to test their effects on emf of the cells. 
Some of these materials have caused abnormal hysteresis and temperature coef- 
ficients. The glass containers have been redesigned with a view to improving 
the constancy and portability of the cells. 
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I. INTRODUCTION 


_ The importance of the Weston normal cell as a standard of emf 
is ample justification for continued efforts to improve its reproduci- 
bility and constancy. Many previous publications have been devoted 
to the preparation and purification of the materials used in construct- 
ing these cells. Pure materials are required to insure the reproduci- 
bility of cells to within a few microvolts. Although no adequate 
specifications for the materials have been adopted, the methods are 
now generally understood and a high degree of reproducibility of 
emf has been attained at the various national and other laboratories. 
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Constancy of emf during many years when the cells are preserved. 
and measured under proper conditions is as important as the repro- 
ducibility of newly made cells. Constancy depends on stabilized 
conditions within the cell. The active materials must be stable, and 
they must be free from contamination by other materials that are 
structurally part of the cell. 

Variations observed in the emf have usually been attributed to 
hydrolysis of mercurous sulphate employed as the depolarizer. As 
a remedy for this difficulty some authors ' have added sulphuric acid, 
in varying amounts to the electrolyte. Others* have favored the 
construction of neutral cells, however, believing the presence of acid 
to be objectionable. A diversity of opinion is evident. Hydrolysis 
of the mercurous sulphate does not appear to take place to the same 
extent in all cells. Some neutral cells made in 1906 are still in good 
condition while others made more recently have been discarded as 
no longer useful. Smith,®? who favored the use of acid in the cells, 
has stated that ‘“‘the mere hydrolysis of mercurous sulphate does not 
afford a complete explanation of the changes (in emf) commonly 
observed and -that there was evidence of another disturbing agency.”’ 
He has assumed that a complex ion is formed and that this is partly 
responsible for the changes. 

Shaw and Reilley * have reviewed nine possible explanations which 
have been suggested for “aging” of Weston normal cells and con- 
clude that the most probable is the introduction of foreign ions from 
the glass container of the cell by slow solution and diffusion. 

Few authors have mentioned the kind or quality of the glass which 
they have employed in making the cells. Von Steinwehr ° has stated, 
however, that in order to hold the acidity within the cell constant, 
it is necessary to choose the proper kind of glass, avoiding the varieties 
which would render the electrolyte alkaline. 

The necessity for platinum wires passing through the glass walls 
of the cell to provide electrical contact with the electrodes has im- 
posed limitations on the kind of glass which can be employed, because 
the wire must be hermetically sealed. The type of construction which 
has been used at the Bureau has been described previously.® In 
making the glass containers, a molten bead of lead glass on a plati- 
num wire was pushed into the side wall of the cell, so that the lead 
glass formed a sleeve covering the platinum wire to within about 
1 mm of its tip. Mechanically, this type of construction was satis- 
factory and the possibility of direct contact between the lead sealing- 
in glass and the mercurous-sulphate paste was regarded as imma- 
terial. 

In view of the appreciable solubility of some kinds of glassware in 
water and in various solutions, more attention should be paid to the 
possibility of the glass affecting the operation of the cells. Results 
of tests of the solubility of glassware have been reported by various 
experimenters. Such determinations have little direct bearing on the 
problem of standard cells, but Walker’ has stated that “glasses at 


1 Hulett, Phys. Rev., vol. 27, p. 337, 1908. Smith, Electrician, vol. 75, p. 463, 1915. Obata, Proc. Phys. 
Math. Soe. anten, vol. 2, p. 282, 1920. 

2 Wolff and Waters, B.S. Bull., vol. 4, p. 28, 1907. Shaw and Reilley, Trans. Roy. Soc. Canada, vol. 
13, p. 174, 1919. Von Steinwehr, Zs. { Instrk., vol. 51, p. 522, 1931. 

3 Electrician, vol. 73, p. 574, 1914; vol. 75, p. 463, 1915. 

4 Phil. Trans., vol. 229, p. 134, 1930. 

5 Proc. Congres Int. d’Electricité, Paris, 2d section, Report no. 7, p. 9, 1932. 

6 Hulett, Phys. Rev., vol. 32, p. 271, 1911. Wolff and Waters, B.S. Bull., vol. 2, p. 636, 1907. 
7J. Am. Chem. Soc., vol. 27, p. 872, 1905. 
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all suitable for chemical work are much less attacked by acids than 
by alkalis or even water alone.” The significance of this statement 
rp in the comparative results of neutral and acid cells. 

everal kinds of glass have been used at this Bureau for the 
standard-cell containers, commonly called ‘‘blanks”’ before filling. 
For the most part these were soft glass with a bead of lead sealing-in 
glass around each platinum contact. Harder and more resistant 
glass, such as Pyrex, which is preferable from a chemical standpoint, 
could not be employed conveniently with platinum-contact wires. 
The platinum is not as indispensable now as formerly, because of the 
development of ductile tungsten wire, which can be sealed satisfac- 
torily into Pyrex. ‘This has made possible the use of this glass for 
standard-cell blanks. The results in this paper show that the emf 
of standard cells in Pyrex blanks with tungsten contacts are in ex- 
cellent agreement with those of cells in soft glass blanks having plati- 
num contacts. A logical extension of the work would include the use 
of quartz blanks. Attempts have been made to use these, but some 
experimental difficulties have not been overcome entirely. 

Standard cells are usually designated as neutral or acid cells de- 
pending upon the neutrality or acidity of the electrolyte. For repro- 
ducible and constant values of emf it is important that the electro- 
lyte should be uniform in hydrogen ion concentration throughout the 
cell. Smith * has found that a difference in acidity at the positive 
and negative electrodes produces a large change in the emf of the 
cell. The importance of his observation, the truth of which has been 
substantiated in the present experiments, has apparently been over- 
looked. Not only are the initial values of such cells abnormal, but 
any inequality of acidity in various parts of the cell gives rise to 
changes that affect the constancy of the emf. 

Since solubility of the glass containers for the cells may change 
appreciably the acidity of the electrolyte, we have tried adding samples 
of pulverized glass to the mercurous sulphate paste. In this paper 
it will be shown that the lead sealing-in glass, more than the other 
kinds, is responsible for observed changes in emf. 

Besides changes caused by the alkalinity of materials derived from 
the glass, there 1s the possibility that some foreign ions dissolved from 
the glass may enter into the reactions in the cell. We have, therefore, 
made a large number of both neutral and acid cells to which we have 
added some compounds containing ions which might be derived from 
the glass as impurities to test their effect on the initial value of emf, 
constancy of emf, temperature coefficient, and hysteresis of the cells. 

In the course of the work, modifications have been made in the 
design of the cell blanks employed at the Bureau. It is believed that 
the new blanks will materially aid in improving the constancy and 
portability of the cells. 


II. PREPARATION OF EXPERIMENTAL CELLS 


The method of preparing the materials and assembling the cells 
was in general that which has been followed at this Bureau for a 
number of years and which was described by Wolff and Waters °® 
in 1907. The materials used in the several groups of cells are given 
in table 1 and are further described below. 





§ Electrician, vol. 75, p. 464, 1915. 
* B.S. Bull., vol. 4, pp. 9-33, 1907. 
205—33——7 
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Two samples of mercury, designated as S2 and S3 were employed. 
The mercury, S2, used throughout in cells 753 to 772 and 829 to 866 
was, after preliminary purification, twice distilled in the Hulett” 
still. Sample, $3, used in cells 791 to 805 was virgin mercury redis- 
tilled, using both vacuum and Hulett stills. 

The cadmium amalgams contained 10 percent of cadmium and 90 
percent purified mercury. For cells 753 to 772 the amalgam, V6, 
was made electrolytically, for the others cadmium metal was alloyed 
with mercury by heating. The metal for the amalgam, V11, was 
Kahlbaum’s electrolytic cadmium which was used as received. For 
the amalgam, V8, this electrolytic cadmium had been further purified 
by distilling it in an evacuated tube. 


TABLE 1.—Materials used in the experimental cells 





Cadmium Cadmium Mercurous 
io Date made Mercury amalgam sulphate sulphate Glass blanks 





753-772 | Sept. 16,1932 | Redistilled,} Electrolytic, | Commercialc.p.| D.C. electro- | Glasses 23 and 30. 
82. V6. eter lytic, X4. 





4. 

791-796 | Nov. 9, 1932! Redistilled,| Alloyed, V8__| Special prepara- | D.C. electro- | Glass 21. 

83. tion, V5. lytic, X5. 
797-802 |_..-- WG. one ixdg Avene’ "igen: Aire. <a: EY ecicnd cused .-..-do........-| Redesigned, 

~— 23 and 
803-805 |_.--- eee ESF eae fee: _....d0.......-| Special prepara- |----- | Mor aes Do. 
tion, V6. 

829-846 | Jan. 31,1933 | Redistilled,} Alloyed, V11_| Commercial 23 ace A Miscellaneous. 

82. > ramen 4 
847-866 | Feb. 1, 1933 |____- PS tabs SOR ieee. uct SSE BENS SR: Do. 




















The cadmium sulphate, V4, for cells 753 to 772 and 829 to 866 was 
recrystallized from commercial c.p. salt. The sample, V5, used in 
cells 791 to 802 was prepared by treating Kahlbaum’s electrolytic 
cadmium with concentrated sulphuric acid and the salt was purified 
by four recrystallizations. The sample, V6, used in cells 803 to 805 
was prepared by digesting the same metal with concentrated nitric 
acid and converting to the sulphate by adding concentrated sulphuric 
acid. This salt was strongly heated and recrystallized four times. 

The samples of mercurous sulphate, X4 and X5, were made by 
direct. current electrolysis. For cells 753 to 772 and 829 to 866 the 
salt was washed in a porcelain Gooch crucible with 6 successive por- 
tions of the saturated cadmium-sulphate solutions. For cells 791 to 
805 the mercurous sulphate was first washed with 3 portions of 25 
percent sulphuric acid and then with at least 3 portions of the satu- 
rated cadmium-sulphate solutions. Some of these solutions were 
neutral and others were acid as indicated in subsequent tables. The 
paste was made by mixing with the mercurous sulphate about one 
third to one half its volume of crushed cadmium-sulphate crystals 
and enough of the saturated solution to make the mixture run easily 
down the filling tubes. The mercurous sulphate was quite dark and 
showed the presence of much finely divided mercury. 

In the experimental cells, to which foreign materials were added, 
about 0.2 g of each of several kinds of pulverized glass or 0.25 g of 
certain compounds were mixed with the portion of paste for each cell 
at the time the cells were made. The impurities added to the 





i Phys. Rev., vol. 33, pp. 4 and 314, 1911. 
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various cells are listed in tables 3 to 6. The glass samples were pre- 
pared by crushing tubing between cardboard or manila paper, and 
the fraction which passed through a 60-mesh sieve was strongly 
heated to remove traces of paper. The glasses are designated by 
the same numbers that Peters and Cragoe " used in their work on 
the thermal dilatation of these glasses. Glass no. 28 was vacuum- 
tube tubing imported from Germany and used for many years for cell 
containers made at this Bureau. A qualitative analysis showed that 
it contained sodium and calcium. Glass no. 23 was a Kimball soda- 
lime tubing which has been recently used in making the soft-glass 
blanks. Glass no. 30 was a lead (PbO) fusing-in glass from Corning; 
it was used in sealing the platinum contacts into blanks made of 
glass no. 23. Glass no. 21 was laboratory Pyrex which has been used 
recently for standard-cell containers. The composition of Pyrex 
used differs, however, from the analysis given by Peters and Cragoe 
in containing less arsenic. 

The chemical compounds added as impurities to the paste of cells 
832 to 846 and 851 to 866 were of c.p. quality or reagent grade. 

The containers used for cells 753 to 772 and 797 to 805 were of 
the H-form; they were of soft glass, no. 23, with platinum contacts 
sealed through fusing-in glass no. 30. The H-blanks for 791 to 796 
were of Pyrex no. 21 with tungsten wires. All of these cells were 
hermetically sealed after being filled. The containers for cells 829 
to 866 were temporary blanks closed by ground-glass stoppers or 
corks. Some of the cells were of the inverted-Y type, others were 
H-shaped. 


III. MEASUREMENTS OF ELECTROMOTIVE FORCE 


The emf of each experimental cell was determined at frequent 
intervals by measuring the difference between its emf and that of a 
“reference” cell whose value in international volts was known in 
terms of the Bureau’s primary standard. This method, commonly 
known as the “‘opposition method”, has been used at the Bureau for 
many years.” 

In some of the more recent measurements a new standard-cell 
comparator designed by Brooks ® was employed. This is a special- 
ized form of potentiometer operating on the above principle, which 
indicates directly the emf of a cell under test in terms of the standard 
to the millionth part of a volt without interpolation. 

The results given in this paper are expressed, for the most part, 
as differences in microvolts from the Bureau’s standard of emf, 
based on the defined value, 1.018300 international volts at 20° C, 
for the Weston normal cell. A minus value indicates that the emf 
of the cell under test is below that of the standard. In a few instances, 
however, the emf of the cells are given directly in international volts. 

In order to measure the emf of saturated Weston cells to the accu- 
racy required, careful attention was given to temperature control of 
the oil baths in which the cells were immersed. Several of the baths 
were used previously by Wolff and Waters “ and, in addition, two 
new baths, shown in figure 1, were also available. The smaller of 





 B.8.Sci. Papers, vol. 16, pp. 463, 464, 1920. 
4 Wolff and Waters, B.S. Bull., vol. 4, p. 39, 1907. 
‘ ig) neg | Cell Comparator, a Specialized Potentiometer, B.S.Jour. Research, vol. 11 (RP 586), 
» «il, Augus . 
“ B.S.Bull., vol. 4, p. 33, 1907. 
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these contains the primary reference standard and this bath is main- 
tained uniformly at 28° C, the fluctuations not exceeding +0.006° C. 
The larger bath was available for measurements at temperatures 
ranging from 17° to 35° C. 

The heating current for the oil baths was thermostatically con- 
trolled through relays and lamp banks which may be seen in figure 1. 
Cooling was also provided, when necessary, by circulation of oil 
through a network of piping which passed through the cooling units 
“ - automatic refrigerator and through coils submerged in the oil 

aths. 

Measurements of the temperature of the oil baths were made with 
25-ohm platinum resistance thermometers. The indications of these 
thermometers were reproducible to 0.002° C. The actual tempera- 
ture of the oil in which the cells were immersed was known within 
0.01° which corresponds to about 0.5 yvv in the emf of the cells. 


IV. FACTORS AFFECTING THE ELECTROMOTIVE FORCE 
AND CONSTANCY OF CELLS 


Among the various factors which may affect the emf and constancy 
of standard cells, the experimental results given in this paper are 
limited to the effect of unequal acid concentrations and the effect of 
impurities derived from the glass of the container or chemical com- 
pounds added to the paste at the time the cells were made. ; 


1. EFFECT OF UNEQUAL ACID CONCENTRATIONS IN THE POSITIVE 
AND NEGATIVE LIMBS 


Smith “ has stated ‘‘that when the solution in the positive limb is 
made up with normal sulphuric acid (1 part of acid to 48 parts of 
water) the emf (of the cell) is diminished by 0.01030 volt; that when 
the negative limb alone contains this quantity of acid the emf is 
increased by 0.00965 volt; and when the whole of the solution in a 
cell is made up from normal acid saturated with cadmium sulphate 
the emf is diminished by 0.00065 volt.” From this statement it is 
apparent that even small inequalities of the acid concentration 
throughout the cell may produce relatively large departures of emf 
from the ordinary values. 

Our attention was drawn to the practical significance of Smith’s 
statement by the behavior of cell no. 803, for which the measure- 
ments are reported in table 2. In making this cell a solution of 
N/10 sulphuric acid saturated with cadmium sulphate was used to 
fill the cell, although the mercurous-sulphate paste had been prepared 
with a neutral solution of cadmium sulphate. The initial value of 
emf of this cell was higher than the Bureau’s standard of emf by 
500 wv. From this abnormal value the emf decreased rapidly dur- 
ing the first month to a stable value of —27 uv which differs by 
only 4 uv from the acid control cell, no. 805. 

Syteiil other cells were prepared with unequal acidities in the pos- 
itive and negative limbs. Cells nos. 831 ail 832 contained neutral 
saturated solutions in the positive limbs and N/10 acid solutions in 
the negative limbs, while cells nos. 849 and 850 contained acid solu- 
tions in the positive limbs and neutral solutions in the negative 
limbs. No effort was made to hinder the diffusion of the solutions in 





15 See footnote 8, p. 257. 
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the cells. The initial values of emf were high in the case of cells 
nos. 831 and 832 and low for the others. The difference between the 
initial values of the two pairs of cells was approximately 1,000 uv, 


the high and low values being consistent with the statement by 
Smith. 


TABLE 2.—Effect of unequal acidities in the positive and negative limbs 


[Differences in microvolts from B.S. standard for Weston normal] cell] 





Neutral positive | N/10 acid positive 














Neutral limb N/10 acid limb neutral neg- Control cells 
paste negative limb ative limb 
N/10 
Age of cell acid 
elec- Neutral | N/10 acid 
trolyte | No. 831 | No. 832 | No. 849 | No. 850 | Poth | both 
no. 804 no. 805 
| ES SAE Ror ae a vgn +500 +93 +275 |_.....---- SED Fics ook. hice lgaes 
SOO. oti kek tn carn modem 359 66 153 —765 —793 +12 —§ 
Biba sccisadthmeiiinekusecbes 262 61 SE Binns wan —695 18 —48 
4G. ss Samintenbdubicncenedicn 173 56  Batersrer — 605 22 —42 
124 48 pCa eae — 535 24 —39 
46 7 —370 —468 25 —34 
3 58 44 66 —348 —428 27 —33 
ID bcs cicddncticd snes cesaas 18 31 7 a een —300 29 —35 
1S Gh ahd dccsticecadninncseed —6 27 Be | —187 32 —30 
y ORNS Cir LAS —15 20 23 —97 —125 33 —30 
Slt dak een ccknpnte: —22 18 21 —68 —90 33 —30 
OO ik ns ad dh cisine aianin ocd —28 16 awe teers —70 34 —30 
2 MN Fi dc waddbiscccdddsodes< —25 14 10 (4) (2) 33 —31 
Wy i ght ah aac donna 2 ARREST CE ES URE PS Sree, 31 —31 
4 RGN, Sicilia dasa nll Se, Ae RAR GR Saaies Hie CRESS Rae SE eet 31 —3l1 
© WO asin dinnsiannde ns woe cc, SEES SNR ae SPAS ge SARIS 30 —31 


























1 Contact wire broken, no further measurements. 
? Glass cracked, no further measurements. 


Changes in emf of these cells were rapid as diffusion of the acid 
occurred. The cells having high initial values decreased and the 
others increased in emf continuously during several months. Unfor- 
tunately the observations on nos. 849 and 850 were terminated by 
mishaps before stable values were reached. All of the five cells hav- 
ing initial inequalities of acidity changed by large amounts compared 
with the control cells nos. 804 and 805. 

The difference in emf between the neutral cell, no. 804, and the 
N/10 acid cell, no. 805, is 61uv which tallies with Smith’s ' observa- 
tion that the effect of using an acid solution of cadmium sulphate, 
prepared by dissolving the salt in a N/10 solution of sulphuric acid, 
is to decrease the emf of a cell by 62yv. 

These experiments indicate that equalization of acidity throughout 
the cell is an important factor in determining the initial value and 
constancy of emf. Small changes occurred in the control cells nos. 
804 and 805 during the first few days. Large changes can be avoided 
by care in making the cells, but it seems likely that small fluctuations 
in emf, for which there is no apparent reason, may be caused by such 
effects as have been described above. 





 Glazebrook’s, Dict. of Physics, vol. 2, p. 268. 
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2. EFFECT OF GLASS ON THE CONSTANCY OF CELLS 
(a) Neutral Cells 


Glass containers for standard cells may have an effect on the con- 
stancy of their emf, if the glass is appreciably soluble in the solutions 
contained within the cell. The amount of alkali derivable from the 
glass walls of the container varies with the kind of glass and the con- 
ditions of service. Ordinarily, changes in emf which might be at- 
tributed to this cause would take place so slowly that little direct 
information could be obtained by comparing cells in a variety of 
glass containers. Small changes in emf might easily be attributed 
to other causes. Standard cells are used over such long periods of 
time that it is important to investigate the effect of glass as one of 
the more obscure causes of variations in their emf. 

In order to exaggerate the effect of the glass we have added pow- 
dered samples of several kinds of glass directly to the mercurous- 
sulphate paste in making the cells. The powdered glasses employed 
in these experiments were limited to the kinds of glass which have 
been used at the Bureau for making the standard-cell blanks. 

Table 3 gives the results of measurements on 10 neutral cells, 
8 of which contained the powdered samples of glass. The remain- 
ing 2 cells were made in the customary manner to serve as control 
cells. The effect of the glasses, which we hive designated as nos. 
28, 23, and 30, was noticed almost imm: .ately. The mercurous 
sulphate in cells to which these glasses «er »dded became discolored 
within 4 days and the emf of all of thom was below the value of 
the controls. 


Effect of powdered glass on emf of neutral cells 





TABLE 3. 


[Differences in microvolts from B. 8. standard for Weston normal cell] 






































Differ- 
ence of 
Cell Kind of glass 5 1 4 6 beret Condition of the mercurous 
no. added days | month} months | months a sulphate 
control 
| cells 
ee eee eee +12 +12 +12 +11 }_... ..---| Not discolored in 7 months. 
yf ete le Rc ieee: +13 +16 +15 +14 |... - 0. 
757 | No. 28 (soft)_....-- —78 —78 —37 —37 —50 | Discolored within 4 days. 
758 |____- a an —s1|. —@ —38 —41 —54 Do. 
761 | No. 23 (soft) __.__-- —44 —58 —31 —26 —39 Do. 
a ere ee —43 —53 —29 —24 —37 Do. 
765 | No. 30 (fusing-in) - —17 —55 —33 — 26 —39 Do. 
beets Me eaeee dees —2 —52 —32 —26 —3y Do. . . 
7 “ay ’ ‘ fe _97 i Not discolored within 5 months; 
760 | No. 21 (pyrex).....| +14} +2] —10) -m| 40% Siontty “discolored at 734 
eee arm Se ’ ‘ "3 | months. 
| 





The emf of cells nos. 757 and 758, containing glass no. 28 rose 
gradually during 6 months from its initial low value, but at the end 
of this period was still 50 wv below the normal value as given by the 
control cells nos. 753 and 754. 

The cells nos. 761, 762, 765, and 766 containing the powdered-glass 
samples, nos. 23 and 30, were also found to have emf below the normal 
value, but not as low initially as for the cells mentioned in the pre- 
ceding paragraph. The emf fell rapidly during the first month, 
reached minimum values and then increased during the succeeding 
months, as shown in figure 2. There seems to be a close analogy 
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between the behavior of these cells and a group of 14 neutral cells, 
nos. 687 to 700, which have been under observation for 4 years. 
These earlier cells were made in blanks consisting of the glass desig- 
nated above as no. 23 for the walls and cross arms and no. 30 for 
sealing in the platinum wires. The cells nos. 687 to 700 were made 
according to the usual procedure at the Bureau and contained no 
foreign materials. 

Figure 2 shows that the average emf of these 14 cells decreased 
during the first year and increased during succeeding years by about 
the same amounts as in the case of the experimental cells nos. 761, 
762, 765, and 766, within a few months. The time required for the 
glass to produce such changes was much shorter, under the exag- 
gerated conditions in the experimental cells. The evidence of this 
experiment and others reported in subsequent paragraphs indicates 
that the lead fusing-in glass is likely to be most immediate in its 
effects and, the most 
harmful. In 1911 
M. P. Shoemaker and 
K.C. McKelvy at this 
Bureau set up one cell 
in a blank made en- 
tirely of lead glass. 
After 28 months this 
cell had decreased in 
emf by 178 uv while 
two other cells made 
with the same mate- 
rials in blanks ordi- 
narily employed 
(German vacuum- 
tube tubing) had 
changed by only —13 
and +3 wv, respec- 
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The emf of cells Years (Cells numbered 687 -700) 

nos. 769 and 770, con- Months(Celis numbered 76/, 762 and 765, 766) 
s. 76§ A 

taining the powdered Ficure 2.—Comparison of changes in emf of experimen- 

Pyrex glass which we tal cells containing powdered glass (nos. 761, 762, 765, 

have called 21.was and 766) with those of neutral cells prepared in the 

have caved No. 41,was customary manner (nos. 687 to 700). 

initially nearer the 


emf of the control cells than any of the others, but has fallen con- 
tinuously during 6 months. Unlike the cells previously discussed, no 
discoloration of the paste was observed until 7 months had elapsed, 
indicating that hydrolysis was taking place more slowly than in the 
other cells to which softer glasses were added. 

Table 3 shows that at the end of 6 months the emf of all of the 
cells to which powdered glass was added have approached a value 
about 40 uv below that of the control cells, nos. 753 and 754. 

_ In attempting to give a theory for the behavior of these cells, con- 
sideration must be given to three facts: (1) The visible discoloration 
of the paste, (2) the low initial values of emf, and (3) the subsequent 
increase in emf. 
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The mercurous-sulphate paste in all cells to which glass was added 
showed a discoloration indicating that the glass was a cause of hydroly- 
sis of the mercurous sulphate. Gouy” has found, as other * & 
servers have also, that mercurous sulphate is hydrolyzed by water, 
forming a nearly insoluble basic salt having a yellowish-green color. 
In the present experiments the hydrolysis of the mercurous sulphate 
within the cell seems to have been accelerated as a result of alkalinity 
derived from the glass. 

The low initial values of the emf of cells to which the powdered 
glass was added can probably be explained as a result of the hydroly- 
sis of the mercurous sulphate. Statements in the literature, how- 
ever, about the effect of hydrolyzed mercurous sulphate on the 
initial emf of cells containing such material are contradictory. 
Smith * has stated that a cell containing only hydrolyzed salt is 
0.02 volt lower in emf than a corresponding cell with the usual 
mercurous sulphate depolarizer. Vosburgh and Elmore” have 
studied the behavior of neutral cells made with mercurous sulphate 
which had been washed with water or a dilute sodium-carbonate 
solution before the cells were set up. They assume that such treat- 
ment hydrolyzed the particles of mercurous sulphate on the surface 
and they observed a change in color of the salt which was treated with 
the dilute carbonate solution. Their measurements extended over a 
period of 15 months during which the cells containing mercurous 
sulplate washed with water began with high initial values of emf 
which decreased subsequently, but the other cells containing mer- 
curous sulphate washed with the carbonate solution began with low 
values of emf, and these continued to fall throughout the experiment. 
Hager and Hulett *” prepared a cell containing hydrolyzed mercurous 
sulphate, which had a rapidly decreasing emf. Their measured 
values were all much below the value for the Weston normal cell. 
The high initial value which they give for this cell is based on an 
extrapolation over a period of 7 weeks. All of the above-mentioned 
authors have shown that cells containing hydrolyzed mercurous sul- 
phate usually have low values of emf which continue to fall during 
long periods of time. 

The emf of the cells containing the glass did not continue to fall 
indefinitely (except in case of cells nos. 769 and 770 for reasons men- 
tioned above), but rose decidedly as shown in figure 2. At least part 
of the decrease in emf initially must have been due to the acid con- 
dition of the paste as a result of the H.SO, formed by hydrolysis. 
In accordance with Smith’s statement (p. 260) a higher acidity in the 
positive limb than in the negative limb results in an emf lower than 
normal. When the acid formed in the paste has had time to diffuse 
to other parts of the cell, the acidity throughout the cell becomes 
more nearly uniform. An increase in emf would be expected and 
this has been found in our experiments. It seems likely that con- 
siderable information could be obtained by exploring the acidity of 
the electrolyte in various parts of the cell by the use of the glass 
electrode. 





17 Comptes Rendus, vol. 130, p. 1400, 1900. 

18 Glazebrook’s Dictionary of Physics, Man 2, p. 269. 
19 J. Am. Chem. Soc., vol. 53, p. 2828, 1931 

2” J. Phys. Chem., vol. 36, p. 2098, 1932. 
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(b) ACID CELLS 


The results of similar experiments with N/10 acid cells are given in 
table 4. At the end of 7 months these cells presented an appearance 
in striking contrast to the neutral group. No discoloration of the 
mercurous sulphate was observable in any of these cells, but rather 
large changes in emf occurred, nevertheless. The cells nos. 759 to 
760, 763 to 764, and 767 to 768 all began with abnormally high values 
of emf which changed very rapidly during the first month. The cells 
containing the lead fusing-in glass no. 30 were particularly bad in 
this respect and at the end of 6 months were still far from normal 
values. The other cells, however, approached normal values for 
N/10 acid cells and at the end of 6 months were all within 10 uv of 
the controls. The action of the acid in preventing hydrolysis of the 
mercurous sulphate in the presence of grossly exaggerated quantities 
of glass and the close approach of the emf of these cells to normal 
values may explain the reason why some experimenters have con- 
sidered the acid cells to be more stable than neutral cells. 


TABLE 4.—Effect of powdered glass on emf of N/10 acid cells 


[Differences in microvolts from B.S. standard for Weston normal cell] 














Differ- 
— - 
Cell ; — Condition of the mercurous 
No. Kind of glass added | 5 days |1 month|4 months/6 months _— sulphate 
control 
cells 
TO 0 SOR ait cokeaeee —59 —52 —52 om Foe asa Not discolored in 7 months. 
op i ee inbereica —29 —48 —53 ce eae Do. 
i a —56 a ROR PSP eee Do. 
848 |... Re Gibteqincdes —54 MED Gidi dil kbc. Sdewckbboiawsous Do. 
759 | No. 28 (soft)_.....- +41 —47 —42 —45 +7 Do. 
Se NRG Gcichcln bninnse +34 —47 —48 —48 +4 Do. 
763 | No. 23 (soft)_...--- +46 —29 —50 —43 +9 Do. 
WOO Towed EE ae Se +59 —46 —45 —46 +6 Do. 
767 | No. 30 (fusing-in).__| +337 | +158 +651 +33 +85 Do. 
1, & ae Oi latanininshititte +524 +421 +121 +57 +109 Do. 
771 | No. 21 (pyrex).-.-- +6 —28 —43 —41 +0 Do. 
PEP Tesi REGRESS SERS —43 OUI Beni dah each Wh tice psn ae mai 0 Do. 
$66 j..... p EPE ATES Saaee —651 MEE Neitktiindymcwbaabiiia once —6 Do. 























The behavior of the acid cells nos. 767 and 768 containing powdered 
glass, no. 30, indicates that this lead fusing-in glass has a much more 
deleterious effect on the cells than the other kinds of glass which were 
tried in these experiments. 

The behavior of the N/10 acid cells containing glass is more easily 
explained than in the case of the neutral cells. Because of the acid 
concentration it may be assumed that hydrolysis of the mercurous 
sulphate did not occur. The effect of the powdered glass in the paste 
was undoubtedly to reduce the acidity of the electrolyte in the posi- 
tive limb so that the cells may be considered in the light of Smith’s 
statement quoted on page 260. The effective acidity in the negative 
limb being higher than in the positive limb, an initially high emf 
could be expected and this was found in the experiments. Diffusion 
processes would tend to equalize the acidity throughout the cells and 
cause a decrease in the emf, which would eventually reach values 
approximately equal to or slightly greater than the value for the 
N/10 acid control cells. The results of the experiment have verified 
this theory. 








266 Bureau of Standards Journal of Research (Vol. 11 
3. EFFECT OF MATERIALS ADDED AS IMPURITIES TO THE PASTE 


The relatively large changes in emf produced by adding powdered 
samples of glass to the mercurous-sulphate paste (see tables 3 and 4) 
suggested the desirability of testing the effect of certain chemical 
compounds on the emf and constancy of the cells. Cadmium oxide 
was selected as one of the compounds to be added since this material 
would produce a basic condition in the paste. The other materials 
which were selected included ions, such as lead and sodium, which 
might be derived from the various kinds of glass which have been 
employed in constructing the cell blanks. 

With no information to guide us in choosing the amount of such 
materials to be incorporated with the paste, it was decided to add 
equal quantities of each material. Samples of 0.5 g were added, 
therefore, to the respective portions of the mercurous-sulphate paste 
for each pair of cells. The actual amount of a particular impurity 
placed in each cell was approximately 0.25 g. Such an amount 
obviously exaggerated the conditions which might exist in any ordi- 
nary cell, but the relative effects indicated those substances which 
are likely to be the most harmful. 

Sixteen cells, nos. 829, 830, and 833 to 846 were made January 31, 
1933. We shall refer to these as neutral cells although the condition 
of neutrality was doubtless modified by the addition of the various 
impurities. The mercurous sulphate was washed with a neutral 
saturated solution of cadmium sulphate before adding the impurity 
and the electrolyte was initially, at least, a neutral solution of cad- 
mium sulphate. These cells included 2 controls, nos. 829 and 830, to 
which no impurities were added and 7 pairs of cells containing oxides 
of cadmium and lead; sulphates of aluminum, calcium, sodium, and 
magnesium; and boric acid, respectively. A second group of 16 cells 
which we shall designate as N/10 acid cells for analogous reasons, was 
made in a similar manner on February 1, 1933. The detailed results 
for these groups are given in tables 5 and 6. 


(a) NEUTRAL CELLS 


Considering first the neutral cells, table 5, the values for the control 
cells at the end of 7 weeks are normal and in good agreement with 
other cells similarly made without the addition of foreign materials. 
The cells to which cadmium oxide was added increased in emf 
initially, attained maximum values at the end of 3 weeks and then the 
emf decreased rapidly. The cells to which lead oxide (litharge) was 
added were lower in emf than the control cells by about 1,000 pv 
on the second day. From this low initial value, the emf decreased 
with extraordinary rapidity to values approximately 20,000 yv below 
normal. Aluminum sulphate produced smaller effects than the other 
impurities which we have tested. Sodium sulphate, on the other 
hand, caused a large decrease in emf initially, but subsequent measure- 
ments showed a rapid increase to more nearly normal values. Mag- 
nesium sulphate in one cell, no. 838, produced results analogous to 
those of the cells containing sodium sulphate, but in the other cell, 
no. 837, the rise and fall of the emf has surpassed in magnitude any 
changes which we have ever observed previously. Boric acid resulted 
in abnormally high initial values of emf. 
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TaBLe 5.—Effect of impurities on emf of neutral cells 











Differences in microvolts from B.S. standard for Differ- 

Weston normal cell ence 

Cell Impurities added to the - of ae 

no. paste py 

2 days | 3 days | 1 week | 3 weeks | 5 weeks| 7 weeks | control 

cells 

BR, RESP ae eee abe Hay Tee —ll —6 +9 +15 +1& yt SOONER 
| | BSCE TERE a ae —44 —32 —3 +14 +16 = i 
833 | Cadmium oxide___........__-. +41 +46 +79 +75 +47 +22 +5 
834 |... | et eR SE Re AT —52 —48 —16 +32 +4 — 198 —215 
835 | Lead oxide (PbO)___..._.____- —713 | —1,180 | —7, 742 |—19, 450 |—20, 560 | —20,744 | —20, 761 
836 |._.-- ag le FS ee ak SER TES Be —1, 272 | —2, 284 |—16, 294 |—19, 800 |—20, 248 | —18,956 | —18, 973 
841 | Aluminum sulphate__._..____- —184 —1il —54 —14 —13 —10 —27 
Ys "___ NIRS SRO aA agen pe —377 —250 —64 —28 —24 —23 —40 
839 | Calcium su)phate.__.-.._._._- +278 -+220 +154 +101 +88 +81 +64 
ingly CS RE, SEE SONS CREE, OTe +683 +565 +301 +145 +113 +102 +85 
845 | Soldium sulphate __._._..... -| —6,427 | —6,398 | —5,306 | —1, 200 — 269 — 163 —180 
846 |_..-- We Seas costae. se —6, 347 | —6,377 | —6, 204 | —1, 940 —523 — 266 —283 
837 | Magnesium sulphate__.....__- — 28, 000 |—26, 000 | —1, 500 | +9, 200 |—22,000 |—300, 000 |—300, 000 
OP fe ee ae —1, 167 —869 —340 —127 —84 —70 —87 
Be ti +398 +412 +412 +221 +20 —17 —34 
844 |... RES ASS SR Te +409 +408 +375 +247 +58 —117 —134 





























TABLE 6.—Effect of impurities on emf of N/10 acid cells 











Differences in microvolts from B.S. standard for Differ- 
Weston norma! cell ence 
Cell Impurities added to the oy 
no. paste from 
2days | 3days | 1 week | 3 weeks | 5 weeks | 7 weeks | control 
cells 
OFF F SUUe 0k. co koe cnpoante wane ae —96 —71 —55 —50 —48 bf Poe 
O66 Ba oO ceri. cadicca —97 —71 —54 —48 —45 et eee 
851 | Cadmium oxide-__..._.....-._- +878 +922 +990 +905 +714 +640 +686 
O68 1 ea A a i +918 +956 | +1, 009 +970 +806 +750 +796 
853 | Lead oxide (PbO)_._..-.--._-- +1, 008 | +1, 021 +991 +716 +627 +840 +886 
S54 1. cc SoS cides - AS RES +975 | +1,016 | +1, 034 +925 +906 +1, 267 +1, 313 
859 | Aluminum sulphate-____--..-- —155 —118 —74 —68 —68 —68 —22 
900 FRG esd eS his. —98 —90 —78 —73 —71 —70 —24 
857 | Calcium sulphate. --..-......-- —28 —31 —33 —35 —42 —38 +8 
O08 1. aces ets hoe +16 —21 —43 —50 —53 —655 ~—9 
863 | Sodium sulphate ..........-.- —6,370 | —6,247 | —6,162 | —1,300 — 205 —170 —124 
SOS hid ies chttanceks. Jubak —6, 224 | —6,186 | —4, 471 — 660 —179 —137 —91 
855 | Magnesium sulphate........... —413| -—268| -—155| —110 —89 —87 —41 
O66 4. ecu ee at daailiven caeushe de —920 —575 —235 —125 —99 —93 —47 
OG). | TRO I ks da when nn seetnese +246 +252 +214 +89 —65 —186 —140 
SGP |. Sows ohne sceu sud cn cbs +303 +310 +282 +163 —68 —128 —82 





























(b) ACID CELLS 


Table 6 gives the results on a similar group of cells which we have 
designated as N/10 acid cells. The control cells in this group are 
numbered 847 and 848. The emf of these cells at the end of 7 weeks 
was 62 wv below the value of the controls of the neutral group, 
table 5. This difference is entirely normal for the difference in 
acidity of the two groups. The initial value of emf of cells nos. 851 
and 852 containing cadmium oxide and nos. 853 and 854 containing 
lead oxide was initially high as might have been predicted from the 
statement of Smith (p. 260). With some fluctuations, the emf of these 
cells have remained higher than normal by 700 to 1,300 uv. Com- 
paring the cells to which lead oxide was added with the corresponding 
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group of neutral cells, the changes in emf have been relatively small. 
Aluminum and calcium sulphates produced little effect. Sodium 
sulphate in these N/10 acid cells produced changes in emf of about 
the same magnitude as in the corresponding neutral cells. 

The maximum changes in emf of the N/10 acid cells during the 
course of the measurements are less on the average than those shown 
in table 5 for the neutral group. 

Distinct changes in the color of the paste of some cells became evi- 
dent soon after the cells were made. An examination of all cells at 
the end of 4 weeks disclosed marked discoloration of the paste in the 
cells (both acid and neutral) to which cadmium oxide and lead oxide 
had been added. None of the other cells showed any evidence of 
discoloration of the mercurous-sulphate paste. 

The neutral cells containing cadmium oxide, nos. 833 and 834, 
showed bright greenish yellow spots in the paste at the end of 4 weeks, 
but the appearance has changed somewhat since that time. The 
last examination, 14 weeks after the cells were made, showed a yellow 
discoloration of the paste next to the cadmium sulphate crystals and 
a greenish-yellow color adjacent to the mercury. ‘The corresponding 
acid cells containing cadmium sulphate also showed bright greenish 
yellow spots when the cells were examined at the end of 4 weeks, but 
on reexamination 10 weeks later the bright color had disappeared and 
— paste had returned to nearly the same color as that in the control 
cells. 

Similar. examinations of the cells containing lead oxide have been 
made and color changes observed which are indicative of chemical 
reactions proceeding in the paste. In the neutral cells nos. 835 and 
836, bright greenish yellow discolorations were observed. Orange- 
colored spots were noticeable in the paste adjacent to the cadmium- 
sulphate crystals. These discolorations persisted during the succeed- 
ing 10 weeks, but they were somewhat darker at the end of this time. 
In the acid cells, some greenish-yellow discoloration was observed, 
but the most noticeable feature was the layer of white or light bluish 
green paste adjacent to the mercury. In these acid cells this dis- 
coloration has since faded, and the paste has returned to the normal 
gray color. The emf of these cells has not returned to normal, how- 
ever. At the end of 3 months it was about 700 uv above the value of 
the control cells. 

While the color changes occurring in the paste may be taken as an 
indication of secondary reactions which may affect the emf, large 
changes in emf have been observed in cells without any visible evi- 
dence of hydrolysis of the salt. 

It is probably more than a coincidence that lead fusing-in glass 
was the most harmful of the samples of glass which were tested and 
lead oxide the most harmful of the various chemical compounds, with 
the possible exception of the somewhat anomalous results with mag- 
nesium sulphate. 

The initial effects of the other materials (except magnesium sul- 
phate) seem to wear off with time, and the emf of cells containing these 
materials approached normal values after a few weeks. 

The cells which were made up with N/10 acid solutions of cadmium 
sulphate seem to be slightly less sensitive to the effects of various 
impurities than the corresponding neutral cells. 

t does not seem possible now to offer a theory which is sufficient 
to explain all of the observed facts. The practical result of the 
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investigation indicates clearly, however, certain steps which must be 
taken to improve the a and constancy of the Weston 
normal cell as a standard of emf. 


4. EFFECT OF IMPURITIES ON HYSTERESIS AND TEMPERATURE 
COEF FICIENT 


In order to study hysteresis effects and temperature coefficients of 
cells which do not have a constant emf when maintained at constant 
temperatures, it is necessary to define clearly such terms as drift and 
hysteresis and to distinguish these from the temperature coefficient. 
The meaning of these terms is shown graphically in figure 3. 
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Fiaure 3.—Diagram to illustrate the meaning of the terms ‘‘drift’’, “hysteresis” 


and ‘‘deviation from temperature formula.”’ 


The progressive change in emf which occurs while a cell is kept at 
a constant temperature is called ‘‘drift”. In figure 3 the drift from 
time t to t, is AB. 

After an abrupt change in temperature, a cell may have an abnormal 
emf before reaching the value characteristic of the new temperature. 
This temporary deviation from its normal value is known as “hystere- 
sis.’’ In figure 3 the abnormal values of the emf which should be 
attributed to hysteresis lie between EF and F, while from F to @ the 
changes are due to drift. The point F is located somewhat arbitrarily 
where the curvature becomes approximately the same as for the 
previously observed changes in emf at temperature 7,. In order to 
determine the initial hysteresis at the time the temperature was 
changed the drifting emf GF must be extrapolated to D which is the 
value the cell would have had if there had been no hysteresis; the 
observed hysteresis is therefore given by DE. 
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A definite change in emf of the Weston normal cell is associated 
with each temperature interval to which the cell is subjected. The 
international temperature formula * expresses this relation between 
emf and temperature for most neutral and N/10 acid cells. The emf 
of many of our experimental cells, however, deviated considerably 
from the values calculated by using the formula, Thus in tables 7 
and 8 the data designated ‘‘deviation from the temperature formula” 
are the differences between the observed change in emf and the cal- 
culated change given by the temperature formula. In figure 3, the 
ordinates are differences in emf from the Weston normal cell at tem- 
peratures 7, and 7. The deviation from the temperature formula is 
thus given by CD. 

In making the tests for hysteresis and deviation from the tempera- 
ture formula the cells were removed from a bath at 28.0° C (7) and 
plunged into a second bath at 20.0° C (7,). The initial readings at 
20.0° C were taken when the cells had been in the second bath for 
1 hour. The values for hysteresis and deviation from the tempera- 
ture formula given in tables 7 and 8 were determined from graphs 
similar to figure 3. The values given for the cells containing the 
powdered glass were probably correct to +2 uv, except for calls 
nos. 767 and 768 for which values could not be determined closer than 
+8yv. The values for most of the cells containing added chemical 
compounds were determined to about +5 wv. Cells for which the 
errors were probably larger were no. 851 and 852, +10; no. 854 +25; 
and nos. 835 and 836 +100 wv. The values of the hysteresis and 
deviation from the temperature formula given for cell no. 853 are 
only approximations because of the extraordinary shape of the curve 
for this cell. 

From a consideration of the data given in tables 7 and 8 it is evident 
that the hysteresis was larger for neutral cells than for the corres- 
ponding acid cells except for the groups to which fusing-in glass no. 30 
and cadmium oxide were added as impurities. The reason for the 
anomalous results with these cells is not known. Omitting these two 
groups, the average value of the hysteresis of neutral cells was about 
five times that of the acid cells. No such striking difference between 
the temperature coefficients of neutral and acid cells was observed 
except in the case of cells to which lead oxide was added. The 
neutral cells showed a coefficient of about +200 uv per ° C, while 
the acid cells deviated less than 10 uv per degree from the value given 
by the temperature formula. 

In nearly all cases the cells containing added foreign materials 
showed larger hysteresis and greater deviation from the international 
temperature formula than did the control cells to which no such ma- 
terials were added. The detailed results of these experiments are 
given in tables 7 and 8. 

Hysteresis in standard cells has been attributed to a variety of 
causes. It is generally known that old cells have more hysteresis 
than newly made cells as stated by Eppley.” Our results indicate 
that the glass may be responsible, in part, for this effect. 
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%1 Schedule C, Report of the International Conference on Electrical Units and Standards. 
2 J. Frank. Inst., vol. 201, p. 44, 1926. 
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TaBLe 7.—Hysteresis and deviation from temperature formula of cells containing 
samples of powdered glass 


[Values given in microvolts]} 














Neutral cells N/10 acid cells 
Call = oe Gan ws Deviation 
e yster- | from tem-| Ce yster- | from tem- 
No. Glass added esis perature | No. Glass added esis perature 
formula iormula 
+8 —3 | 755} None.............-..-..- +2 —6 
+6 —3 | 756 |.....do ih 0 —3 
+6 +7 | 759 | No. 28 (soft)- +13 —10 
+63 +15 \ | ee | eae +19 —13 
+11 +3 | 763 | No. 23 (soft) +6 +2 
+15 +3 :  » ee er +9 —3 
0 +2) 767 | No. 30 (fusing-in)__..._-- +100 —85 
766 |....- SRE 2S RE —4 +41] 768 |..... RSIS - PRE Sates +60 —15 
769 | No. 21 (Pyrex) -..------- +106 -—7| 771 | No. 21 (Pyrex) -.-.----..-- +3 —2 
108 Toansd oe Rae Leas +65 —5 | 865 |....- SRG CES eee +3 —7 
866 |....- | SESS : eee | +9 —6 


























TABLE 8.—Hysteresis and deviation from temperature formula of cells containing 
added impurities 


[Values given in microvolts] 



































Neutral cells N/10 acid cells 
ney el oo ee 
nN tion from tion from 
an Impurities added — tempera- ag Impurities added tee tempera- 
se: ture for- : ture for- 
mula mula 

RE EERE Ae eee he +10 -—3 AS SR OE ae -1 —3 
830 |..-.- NBS au Ce ee +9 -—3 848 |_____ RR SE a are Sk 0 —1 
CBR) OM yin. cddcbitvrdss< —12 0 6? IETS Sea a +117 —71 
834 |..... a gl os dean tia —l1 +35 i BS RE eT Be +121 —71 
OR6 Fe +625 —1, 690 | EERIE opaigeamenon rat +200 —75 
836 |....- oS ARE a De +1, 300 —2, 370 854 j..... | SESE one ae epee +170 +10 
841 | Ale(SO«)s...-----...--- +36 +2 859 | Ale(SO,)3_--__- a ee —3 +8 
842 }....- Gt abinn ace tidinens +37 +5 860 |..... | ERE Re eater ee -1 —3 
690 | Oot oes... +130 +46 BE SR in nase jsutoeigriio nes +50 —17 
840 |_...- Fae gs ied ee +131 +35 858 |....- __ Se Pe ae 0 +1 
O66 | Ness 5b wc. acess —57 +16 863 | Nas8QO.. ...-...._.....-. +17 —2 
We foacun Devic dnckinwiecsy —40 +39 864 |_.._. (Tia nA < ay Si DRS 0 +2 
A SRR SRRes oe ANE Rie ERR, SS ERIN ors Ses eh  iineesapnnad —3 +5 
838 |..... Wali terscitecen 0 +8 856 |_...- TR hn Sci peitim acini ite —3 +5 
843} HsBOs..........2-..-.. +26 —29 i, Pe da +15 —20 
eee Oise aida tise ncd +37 —36 862 }....- a a Sap apnea +15 —15 





V. IMPROVEMENTS IN THE DESIGN OF STANDARD-CELL 
BLANKS 


The H-shaped containers shown in figure 4 (A) have been used at 
the Bureau for some time. The limbs and cross arm were made of 
soft glass no, 23, and the platinum contact wires were sealed in with 
glass no. 30. In order to make the seal strong, the contact wire was 
covered with a sleeve of fusing-in glass. The exposed platinum tip 
was always beneath the surface of the mercury or the amalgam, but 
the fusing-in glass often extended into the mercurous-sulphate or 
cadmium-sulphate crystals. Because of the marked effect which the 
sample of powdered fusing-in glass had on the constancy of emf, this 
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type of construction was changed in the new blanks shown in figure 
4 (B). A special point was made of locating this fusing-in glass as 
near the lower extremities of the cells as possible, in order that the 
fusing-in glass should not be in direct contact with the mercurous- 
sulphate paste or the cadmium-sulphate crystals. The fusing-in 
glass could be entirely covered by mercury in the positive limb and by 
the cadmium amalgam in the negative limb. 

The slight constrictions of the glass in the older type of blank 
have been changed to sharp constrictions * which are located about 
4 mm higher on the positive than on the negative limb. The layers 
of crystals of cadmium sulphate extend through these constrictions, 
and since the crystals eventually form compact masses they are 
firmly held in place. This makes the cells more portable and pre- 

vents the lifting 
| of the layer of crys- 
tals by gas, which 
sometimes occurs 
in acid cells. 

This new type of 
blank has been 
used in making a 
comparison of cells 
prepared with 
3 a highly purified ma- 
terials and free 
> from any inten- 
tionally added for- 

ar eign substances. 
5° Pp ¢ Ten cells were 
i. aay on oe 

#§ a er 9, 1932, an 
B P+ these have been 


Figure 4.—Standard cell blanks. under observation 


Type A formerly used and type B the redesigned blank. for a period of 6 
months. Six of 


these cells, nos. 791 to 796, were made with Pyrex-glass blanks having 
tungsten wires sealed through the glass walls to make contact with 
the electrodes. 

The other four cells were made with soft-glass blanks, using the 
glass which we have designated as no. 23 for the walls and cross 
arms and the minimum possible amount of the fusing-in glass no. 30 
for sealing in the platinum wires. 

The emf of these cells are given in table 9. Little significance 
need be attached to the small changes occurring during the first 
month, but it is especially significant that changes occurring between 
1 month and 6 months have been smaller than those of the groups 
of cells nos. 687 to 700, as shown by figure 2. We could cite other 
examples also showing that the changes in emf of newly made cells 
generally exceed those indicated in table 9. 

There is little difference in the constancy of the neutral and acid 
cells, notwithstanding the often repeated statement that neutral cells 
are not as constant as acid cells. Priepke and Vosburgh * have sug- 
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8 This t of constriction has been used successfully at the National Physical Laboratory. 
% J.Am.Chem.Soc., vol. 55, p. 1804, 1933. 
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gested recently using buffered electrolytes in standard cells to increase 
the constancy of theiremf. Their buffered cells were more constant 
than their unbuffered cells, but the latter changed in emf by unusu- 
ally large amounts during 6 months. Comparing the results of their 
buffered cells with the results of the Bureau’s cells which were made 
in the usual manner and therefore unbuffered, a greater degree of 
constancy of the Bureau’s cells (both acid and neutral) is shown by 
the results in table 9. 


TaBLe 9.—Comparison of cells in redesigned glass blanks 


NEUTRAL CELLS 

















Emf 28° C 

pt Kind of blank ! 

. i) 
7 days | 1 month | 2months/| 4months months 
CUE 5 A ns si ais onic ndcdcwobcctudibebaceense 1, 017942 | 1.017946 | 1.017944 | 1.017944 | 1.017944 
‘i, 5 eee RRSP RTT ERD ES TED Pete 938 945 945 _ | REESE 
ee | RCE RS AEC let aoe ALO OMS SPEND Pein! Aaa, 942 946 945 4, SS 
Tee 5 I PMs anc san sccnccchedebiins<cninnsn 1, 017943 | 1.017944 | 1.017943 | 1.017944 | 1.017945 
FOO dance RRR Uae Dan wr SS eR 5 Aes ie Oe 940 941 941 94 943 

N/10 ACID CELLS 

TE 8 a aa ion dnccctiaticntaerdvonweenance 1, 017874 | 1.017879 | 1.017884 | 1.017884 | 1. 017880 
a eS Ses sik iene niin tales dk & + xo etree nanan 888 891 887 887 888 
‘te sei ctaiaclcceb Annet mh ine Sie mnisica Macnee 880 888 886 886 888 
7 ELLE TS LAA LENORE 1, 017882 | 1.017887 | 1.017886 | 1.017885 | 1.017883 
800 j...-- a AAA cok a ci choc tuitestsed debeboesce 890 888 886 886 885 























It is not possible to give the 6 months’ readings for cells nos. 792 
and 793, because of mechanical failures. The former became par- 
tially filled with oil because of a defect in sealing the glass and no. 
793 became inoperative by breaking the tungsten wire. Both of 
these defects can be overcome. 

It is especially important to notice that the results in table 9 indi- 
cate close agreement inemf of the cells in soft glass with platinum 
leads and in Pyrex glass with tungsten leads. 


VI. DISCUSSION OF THE RESULTS 


Glass containers for Weston normal cells may have a greater effect 
on the constancy of emf of the cells than has previously been sus- 
pected. We have found evidence that mercurous-sulphate paste 
when in contact with an excess of certain kinds of glass becomes 
hydrolyzed visibly in a short time in “neutral”? cadmium-sulphate 
solution. It has been possible, therefore, to accelerate changes in 
emf of cells by adding glass in powdered form to the paste. The 
observed changes in emf of these cells during several months closely 
paralleled the behavior of cells, prepared in the usual way, during 
several years. 

The changes in emf of our neutral cells with time did not follow 
the curves given by Shaw, Reilley, and Clark,”* but our observations 


% Phil. Trans., vol. 229, p. 129, 1930. 
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on the experimental cells and other groups to which we have referred 
have not covered as long a period of time as that of their experiments. 
The Bureau has records of neutral cells which were made 25 years or 
more ago. Many of these have changed in emf in much the same 
way as our experimental cells; that is, initial decreases in emf were 
followed by increases to values reasonably constant during a long 
period of time. Although a change” in the unit of emf has been 
made since these cells were constructed, it is possible to trace back 
the emf in terms of the present basis of reference. Such figures are 
given for one of these early cells, no. 191, which is still in daily use. 


TaBLE 10.—Emf of cell no. 191 made June 25, 1907 





Difference 
Age of cell from pres- 
(in years) ent B.S. 
standard 





pv 
_ EE I ee —43 
Sh tase ots mds —63 
SE Seay eee —46 
RR Se ee —38 
SES Raa? SEE —34 


og OPN OE Oe PERE —28 
a BOS REN ERE —30 
a Rp NO —27 
Se eer ae —24 

















The record of these early cells considered in the light of the present 
experiment raises again the question whether mercurous sulphate is 
continuously hydrolyzed in a neutral cadmium-sulphate solution, pro- 
vided no external agency, such as the glass walls of the container, 
causes such a reaction. 

The presence of various impurities in the mercurous-sulphate paste 
produced changes in hysteresis and temperature coefficient of some of 
the cells. Old cells are known to have greater hysteresis than new cells 
and there is some reason for believing that changes in temperature 
coefficient occur also. Our experiments indicate that it is possible 
to accelerate the experimental work by studying the effect of adding 
various materials to the paste, but in any repetition of the experi- 
ments reported in this paper it will be possible to choose more judi- 
ciously the quantities of such materials to be incorporated with the 

aste. 
? Although the cells made in the redesigned glass blanks have been 
measured for only a few months the present indications are that an 
improvement has been made. The Bureau expects to continue this 
series of experiments and to use, if possible, containers of fused quartz, 
although the number of cells which can be made in such containers 
may be limited. 
VII. SUMMARY 


Some glass containers for standard cells have been found to have 
an appreciable effect on the constancy of emf of the cells. 

It has been found possible to accelerate the effect of the glass by 
incorporating samples in powdered form in the mercurous-sulphate 
paste. 





% B.S. Circular No. 29, 1911. 
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Neutral and N/10 acid cells containing the powdered glass have 
been compared with cells prepared in the usual manner and similarities 
in the behavior found. 

Various impurities have been added to the paste of experimental 
cells and some surprisingly large changes in emf observed. 

Hysteresis of standard cells, which is known to change somewhat 
with age of the cell, was also affected to a marked extent by the 
various impurities added to the mercurous-sulphate paste. Some 
changes in the temperature coefficient of emf were noted also. 
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PRELIMINARY LIST OF TERMS FOR THE ARC SPECTRUM 
OF TANTALUM 


By C. C. Kiess and Harriet K. Kiess 





ABSTRACT 


A preliminary list of Ta 1 terms, accounting for most of the strong arc lines, is 
presented. The low ‘F and ‘P terms and the metastable *D and ‘D terms are 
identified with those to be expected theoretically from the electron configurations 
5d °-6s ? and 5d 4-6s. 
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I. INTRODUCTORY NOTE 


The are and spark spectra of tantalum have been observed at the 
Bureau of Standards from 2,000 A in the ultraviolet to 10,300 A in 
the infrared. These spectra are exceedingly rich in lines and the work 
of compiling the wave lengths and separating them according to the 
degree of ionization of the emitting atoms is still incomplete. Many 
of the arc lines are clearly complex, but are not sufficiently resolved on 
our plates to give their exact structure. Zeeman effects for many 
of the tantalum lines have been observed also, but only a few of them, 
apparently, are based on the g-values of simple (LS) coupling. 

With the aid of these new data, we have been able to classify most 
of the strong Ta 1 lines, including those that are complex. The terms 
upon which this classification is based are given in the table below 
and are offered at this time in response to several requests that have 
been made of the Bureau of Standards for them. Theoretically the 
terms result from the interaction of five valence electrons which 
occupy the O and P shells. In the unexcited state of the atom the 
electrons form the configuration 5d *.6s? from which arise the even 
terms ‘F, *P, 7H, °G, etc. The configuration 5d ‘*.6s gives the met- 
astable terms *D, *D, *H, ‘*G, *I, ete. The more prominent terms 
of these groups have now been found and it is their combinations 
with higher odd terms that account for most of the strong Ta 1 lines. 
At this stage of the analysis, it is not possible to arrange with cer- 
tainty these odd terms into multiplet groups and to assign specifi- 
cally to each its electronic origin. Accordingly, in this preliminary 
note, the odd terms are designated only by their inner quantum 
numbers, affixed to the letters i, Y, X, etc., except in a few instances 
where the term character is clearly indicated by the Zeeman effect. 
The numerical values of the terms are arbitrarily based on the assump- 
tion that the lowest term is ‘F,,=0.00. inl 
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II. TERM TABLE FOR Ta I 























Term type v Term type v 
‘Fis 0.0 Vix 26, 960. 4 
‘Fi, 2, 010. 0 Une 28, 133.9 
‘Fag The 28° 188. 4 
‘Fas 5, 621. 0 ‘Di, 28, 862. 1 
‘Pox 6, 049. 4 Rix 30, 894. 7 
{Pix 6, 068. 9 Q3r4 31, 600. 9 
£Pors Es 31, 961. 4 

; 32, 486. 8 
2h ’ 
4Dovs 
‘Dig 9, 975. 8 Tx 34, 792. 2 
‘Das, 9, 253. 5 Mix, 35, 707. 3 
‘Dy, 10, 690. 3 Ling 35, 876. 5 
Kix, 36, 069. 
‘D 9, 759. 0 
‘Di, 10, 950. 2 Zins 23, 926. 7 
‘Das, 11, 243.6 Yin 24, 981. 8 
‘Dy, 12) 234. 7 Xi, 26, 585. 9 
‘Dag 13, 351.5 Wis 27, 780. 6 
346 8, . 6 
Zig 23, 355. 4 Ui 29, 723. 0 
Yins 24, 516. 7 Tire 30, 015. 6 
‘Div, 25, 512. 6 Ring 33, 197. 7 
Xing 26, 866. 0 Oise 35, 858. 8 
Wis 38, 994. 3 Pis, 37, 143.3 
Zi 24, 243. 4 Oh 38, 253. 3 
Yin 24, 739. 0 Nix 39, 526. 7 
1% 26, 363. 7 M3, 39, 596. 1 
ts 26, 590. 0 Ling 40, 755. 8 
‘Diz 28, 689. 4 Kis, 43, 177. 2 
—_ ty a Z 25, 185. 9 
44 5, . 
‘Six 30, 664. 7 Yin 25, 926. 3 
Vin | See | ow | 2s 7086 
6 , 487. Ns , 766. 
Tire 36, 013. 9 Vise 30, 021. 2 
‘14 37, 523. 6 Uiss 34, 094. 6 
ius 39, 587. 8 Tiss 43, 090. 3 
Zing 22, 047. 5 
Yin 25, 181. 1 
Xi, 26, 219. 6 
Tug 26, 794. 8 
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THERMAL EXPANSION OF COLUMBIUM 
By Peter Hidnert and H. S. Krider 





ABSTRACT 


This paper gives the results of an investigation on the linear thermal expan- 
sion of a rod of columbium containing 0.93 percent tin and 0.26 percent iron. 
Data were obtained at various temperatures between —135° and +305° C. 
The following equation is given as the most probable second-degree equation 
for the expansion of this rod of columbium: 


L,= L,[1+ (7.06t + 0.001442?) 10-*] 


The coefficient of expansion increases regularly with temperature. From 0° 
to 100° C. the average coefficient of expansion is 7.210-* per ° C. Table 3 
gives coefficients of expansion for various temperature ranges. 
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I. INTRODUCTION 


In 1801 Charles Hatchett! analyzed a small specimen of a dark- 
colored heavy ore which had been sent by Mr. Winthrop, of Massa- 
chusetts, to Sir Hans Sloane, of England. This analysis lead Hatch- 
ett to the discovery of a new metallic element which he named 
“columbium.”’ It has also been known as “‘niobium.”’ 

In 1929 Balke? described the preparation of columbium, which 
had been produced in appreciable quantities only during the past 
few years. He stated that nearly all of the physical properties of 
columbium were yet to be determined. 

A rod of columbium 4.6 mm in diameter was received from the 
Fansteel Products Co., Inc., North Chicago, Ill., several months ago 
for an investigation of the linear thermal expansion of this metal, 
for there are no available data on the thermal expansion of colum- 
bium. This paper gives results obtained on the linear thermal 
expansion of the rod of columbium at various temperatures between 
—135° and +305° C. 

The authors wish to express their appreciation for the cooperation 
by the Fansteel Products Co. that furnished the rod of columbium 
and information about its preparation. Acknowledgment is due to 
H. W. Bearce, W. Souder, and H. D. Hubbard, of the Bureau of 
Standards, for valuable suggestions. 





'Hatchett, An Analysis of a Mineral Substance from North America, containing a metal hitherto un- 
known, Phil. Trans. Royal Soc. London, pt. 1, p. 49, 1802 


‘Balke, Metals of the Tungsten and Tantalum Groups, Ind. and Eng. Chem., vol. 21, p. 1002, 1929. 
This paper also indicates the applications of columbium. - 
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II. MATERIAL INVESTIGATED 


The sample of columbium was prepared as follows: 


Columbium powder was pressed into a bar % inch square and 16 inches long 
which was heat treated by its own resistance in a vacuum electric furnace for a 
number of hours until the metal was thoroughly degassed. This bar was then 
hammered to compact the metal and given a second treatment in a vacuum 
furnace. The bar was then swaged round and given a third heating in the 
vacuum furnace. In each case these heats were carried to a point as close to 
the melting point of the metal as possible. After the third heating the rod was 
swaged to 0.18 inch (or 4.6 mm) diameter. Therefore, as received, the rod 
represented columbium slightly strain hardened after its last heating. 


A piece cut from the rod was analyzed * and found to contain tin 
0.93 percent and iron 0.26 percent. ‘Titanium and tungsten were not 
detected. 

Fine filings from the rod of columbium were sifted through 200- 
mesh bolting cloth and annealed in vacuo at 400° C. for 2% hours. 
The annealed powder was loaded into a small capillary glass tube 
with a portion of spectroscopically pure sodium chloride. An X-ray 
spectrogram of the sample was then taken * with molybdenum Ka 
radiation from a water cooled Coolidge type X-ray tube. The 
crystal lattice structure of the annealed columbium proved to be 
that of a body-centered cube with the cube edge having a length of 
3.293 + 0.002 A. The following table gives a comparison of available 
results on the crystal structure of columbium. 


TABLE 1.—Crystal structure of columbium 





Observer Date Type of crystal structure of edge 








Neuburger ¢............----------. --- GEL “GRR I RNR ER ee RRR 
NE icles honsbunreteusicat cena a tage c sdbbie kcisiicenodbipelésioemeentonnn 














a er Z. Krist., vol. 61, p. 463, 1925. Sample contained about 3 percent aluminum by weight 
(density 7.5). 
+ McLennan and Monkman, Trans. Roy. Soc. Canada III, vol. 23, p. 255, 1929. Sample contained tan- 


talum. 

¢ Meisel, Z. Anorg. Chem., vol. 190, p. 237, 1930. Samples about 99 percent pure. Density of 1 sample 
8.55. 

¢ Neuburger, Z. Anorg. Chem., vol. 197, p. 219, 1931. Calculated density 8.56. 

« See p. 280. 










The density calculated from X-ray measurements (a==3.293 A) is 
8.62. After the expansion tests, the density ° of the sample used m 
the expansion determinations was found to be 8.572 g/cm® at 24° C. 








III. APPARATUS 


The apparatus described in Bureau of Standards Scientific Paper 
No. 410 was used for the determinations of linear thermal expansion. 













3 By J. A. Scherrer, of the Chemistry Division of this Bureau. 
4 By R. G. Kennedy, of this Bureau. 
5 Determined by E. L. Peffer, of this Bureau. 
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IV. RESULTS 


A sample 300 mm long was cut from the rod of columbium described 
in section II. As this metal begins to oxidize * at about 400° C. when 
heated in air, the maximum temperature of the expansion determin- 
ations was maintained below this temperature. 

Figure 1 shows the observations obtained on the linear thermal 
expansion of this sample on heating and cooling in six tests. The 
expansion curves are plotted from different origins in order to show 
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Ficure 1.—Linear thermal expansion of columbium containing 0.93 percent tin and 
0.26 percent tron. 


the individual characteristics of each curve. In the first test, the 
observations on cooling lie below the expansion curve on heating, but 
in the following tests the observations on cooling are much closer to 
the corresponding expansion curves. The heat treatment incident to 
the first test probably annealed the sample. 

Table 2 gives average coefficients of linear expansion which were 
obtained from the expansion curves shown in figure 1. The last 
column in the table shows the difference in length before and after 
each expansion test. The plus (+) sign indicates an increase in 
length and the minus (—) sign a decrease in length. 


* See footnote 2, p. 279. 
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TABLE 2.— Average coefficients of linear expansion of columbium 



































Average coefficients of expansion per ° C. 
Test 
no. Heat treatment —135° —100° —75° —f0° —25° 20° t 
to to to to to 60° Cc. 
+20° C.}+20° C.|+-20° C.|+20° C.|+-20° C. wai 
x10-* | X10-* | K10-* | X10-* | K10~ | X10" 
1?___.._| As received?________- SiS Tedd nciidisitabaptdnbencmey ae SE Ee: eee Ree Mee rey bee 7.0 
baer After heating to 200° C_-____. iy, Ae Rem Oecits tM s eR 2 rR so 7.0 
ESE ES Ee BSR ReRBE ae Se RE SENN, CTS SOE. SARIN Wee AS RR 4 
"SRS WaT TE WA 00a oa occ nice oe -cdoe eps MELO a Se gi. MRS 
EPS GS ERE Dh. sists dnscte Witpsdat guhinnieanhaiia aetehanednanateatataatiae nile boi 6.9 6.9 7.0 7.2 Seay, 
ees After cooling to — 135° and heating to +300° C_|__..____|...._..-]_-.-.--- Waterco: PRMeR Gen 
Dk sis Darts nda uipeaatenbasviamsnuantauk Bo ih 6.9 6.9 7.0 7.0 7.1 7.2 
Average coefficients of expan- | Change 
sion per ° C. in length 
Test after 





~“q Heat treatment heating ! 


20° to | 20° to | 20° to | 20° to and 
100° C. | 150° C. | 200° C. | 300° C.| cooling 




















X10-* | X10-* | K10-* | X10-* | Percent 

pene FG NARs, OF aon” LES MRA CHE ee GED 7.4 7.7 : Sy fe SESS +0. 006 
Rte Dilber hentin Be I ii ics sk ie se cg s a enone 7.2 7.3 Se 2 —. 001 
RR Ser Sialic ktterslstctads Miaecainenseeqiesain taining meatal ee Encoocas 7.4 7.5 —. 002 
| SSE Athen gating 00 TIPO. issn cnn neki wc kn ds ® 3 aes 7.4 7.6 . 000 
Se Se ee a a Et Ree 7.3 7.4 —. 002 

Sua After cooling to —135° and heating to +300° C__._- A NENT 7.4 7.5 +. 001 
BOD Gee cv incttlia iin inh iene cided Debbie pale aleeiiand 7.2 7.3 7.4 oe 








! To about 200° C. for tests 1 and 2 and to about 300° C. for tests 3 to 6, inclusive. 

2On cooling, the average coefficient of contraction is 7.4X10-* between 200° and 20° C. and 7.3x10% 
between 100° and 20° C. 

3 See p. 280. 

4 Coefficients of expansion computed from equation (1) on p. 282. 

The coefficients of expansion obtained in tests 2 to 6, inclusive, may 
be considered applicable for heat-treated or annealed columbium. 
From all of the observations obtained on heating between — 135° 
and +305° C. in tests 2 to 6, inclusive, the following equation was 
derived by the method of least squares: 


AL = L{7.12(t— 20) + 0.00144 (¢— 20)7]10~° (1) 


In this equation L represents the length of the metal at 20° C. and 
AL represents the expansion or change in length from 20° C. to any 
temperature t between — 135° and +305° C. The probable error of 
AL is +0.000006 L. 

Equation (1) may be transformed into the following equation 


L,=L,[1 + (7.06¢ + 0.00144#*) 10~] (2) 


where L, represents the length of the metal at 0° C. and L, the length 
at any temperature t between — 135° and +305° C. 

The expansion curve represented by equation (2) is shown in 
figure 2. The observations obtained on heating in tests 2 to 6, 
inclusive (reduced to an initial temperature of 0° C.), are included. 
The numbers near the observations indicate the tests. 

The average coefficients of expansion for various temperature 
ranges given in table 3 were computed from equation (2). These 
coefficients of expansion are approximately 10 percent larger than the 
coefficients of tantalum,’ a similar metal that also belongs to sub- 
group V A (vanadium, columbium, tantalum, and uranium). 





? Hidnert, B.S.Jour. Research, vol. 2 (RP62), p. 887, May 1929. 
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Ficurr 2.—Linear thermal expansion of columbium containing 0.93 percent tin 
and 0.26 percent iron (tests 2 to 6, inclusive). 


Curve represents equation (2). 
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TABLE 3.—Average coefficients of linear expansion of columbium (computed from 
equation (2)). 























Aveseee Averese 
coefficient coefficient 
Dampers of expan- tee “ype of expan- 
8 sion Y aed 8 sion ad 
8 . ® . 
0° C. X<10-% Cc. x10 
—135 to —100 6.7 100 to 150 7.4 
—100to —75 6.8 150 to 200 7.6 
—75to —50 6.9 200 to 300 7.8 
—50to —25 6.9 —100to 0 6.9 
—25 to 0 7.0 Oto 60 7.2 
Oto +20 7.1 0 to 100 7.2 
+20to 60 7.2 0 to 200 7.4 
60to 100 7.3 0 to 300 7.5 








The following equation gives the instantaneous coefficient or rate 


of expansion at any temperature ¢ between —135° and +305° C. 
a, = (7.06 + 0.00288 ¢) 10~° (3) 


This equation shows that the coefficient of expansion increases with 
temperature. 

The data in table 1 indicate that columbium has the body-centered 
cubic lattice. It is therefore believed that many of the properties of 
columbium, such as thermal expansion, will be the same for a single 
crystal as for an isotropic aggregate. 





WASHINGTON, June 14, 1933. 
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AERODYNAMIC CHARACTERISTICS OF AUTOMOBILE 
MODELS 


By R. H. Heald 


ABSTRACT 


In the investigations described in this paper the drag coefficients were found 
to vary from 0.0018 lb./ft.?/m.p.h.? for the model representing an automobile of 
10 years ago to 0.0014 for the model representing an automobile of the present. 
Elimination of the fenders and other projections together with pronounced fair- 
ing of the body of one model reduced the drag coefficient to 0.0006. Lateral and 
longitudinal forces were also measured. The latera) force was found to vary 
approximately as the angle of the relative wind if this was less than 20° to the 
direction of motion of the automobile. Very little variation in longitudinal 
force coefficient was observed with this range of angles. 
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I. INTRODUCTION 


In view of the possibility of obtaining improved fuel economy or 
higher speeds by streamlining an automobile body and the consequent 
trend of design in this direction, it has appeared desirable to assemble 
the results of wind-tunnel tests made at the Bureau of Standards. 
The relative values of the drag coefficients serve to give an approxi- 
mate indication of the progress achieved in reducing the air resistance 
of the automobile body during the past 10 years.’ 

The tests were routine in character and because of limited time no 
attempt was made to extend them for the purpose of determining the 
“best”? shape. In all cases the measurements were made by the sus- 
pension method, the models being swung from light steel wires secured 
to the roof of the wind tunnel. The wind blowing on the model caused 
it to deflect a distance which was measured. The total drag cor- 
responding to a given wind speed was computed from the weight of 
the model and the deflection, a correction being applied for the drag 





| Some of the more recent tests and discussions relating to the aerodynamics of automobile bodies are 
given in the following publications: 

Agg, T. R., and others, Bull. Iowa State College, nos. 67, 88. 

Andrade, Julio, J.Soc.Auto.Engrs., vol. 29, p. 29, 1931. 

Burney, Sir Denistoun, J.Soc.Auto.Engrs., vol. 30, p. 57, 1932. 

Conrad, L. E., Public Roads, vol. 6, no. 9, p. 203. 

Fishleigh, W. T., J.Soc. Auto. Engrs., vol. 29, p. 353, 1931. 

Heldt, P. M., Auto. Ind., p. 368, Mar. 25, 1933. 

Lay, W. E., Proc. Highway Res. Bd., vol. 11, pt. 1, p. 36, 1932, 

Lay, W. E., J.Soc.Auto.Engrs., p. 144, April 1933. 

Lay, W. E., J.Soc.Auto.Engrs., p. 177, ay 1933. 

Marti, O. K., Trans, Soc. Auto. Engrs., vol. 26, p. 333, 1931. 

Pawlowski, F. W., Trans. Soc. Auto. Engrs., vol. 27, p. 5, 1931, 
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of the supporting wires. The effect of the ground was represented by 
testing the models near a large platform, the plane of which was 
parallel to the axis of the tunnel. 

The ‘‘head-on”’ resistances of the models are expressed in the form 
of coefficients, where: 


R 
K= AV? 
R=resistance in pounds. 
A= projected frontal area in square feet. 
V =air speed in miles per hour. 




















Figure 1.—Outline drawings of the models. 


Some of the tests were devoted to determining the effect of the wind 
blowing on the model from an angle. 


II. THE MODELS 


First series —Models 1 and 2 (fig. 1) represented cars of the heavier 
class built about 1922. These models were to one quarter scale and 
were constructed of metal with considerable attention to detail. 
Model 1 represented a sedan; model 2, a touring car. Both models 
were provided with wire wheels. They were furnished by the mant- 
facturer of the full-scale car. 

Second series.—Model 3 (fig. 1) represented the lighter type of sedan 
produced about 1928, to one eighth scale. Its general outline was 
similar to that of model 1. The body proper was constructed of wood. 
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The fenders, apron, headlights, and wheel disks were made of metal. 
Windows were represented by recesses cut into the body. 

A duplicate of model 3 was furnished by the manufacturer in order 
that some tests might be made using the method of images. In this 
method one model was inverted and suspended below the other, wheel 
to wheel, and the resistance of the pair was determined. The resist- 
ance of one model was taken as one half the corrected resistance of the 
pair. This method assumes from theory that the conditions of air 
flow between the two models simulate the conditions when the full- 
scale car is moving along the road. The results of the tests by the 
image method differed from those by the platform method by about 
2 percent. 

Third series —Models 4, 5, and 6 (figs. 1 and 2) were constructed 
principally of wood. Model 4 represented a composite 1933 sedan. 
It was fitted with exposed fenders, bumpers, headlights, and spare 
tire. The wheels were of the disk type. Model 5 was more thor- 
oughly streamlined, the wheels being enclosed in the body. The 
bumpers were the only projecting members. The windshield was 
inclined 45° to the vertical and was faired smoothly into the engine 
hood and the top of the model, which was rounded both front and 
rear. In the case of model 6 the whole upper surface was faired 
smooth and the wheels were enclosed in the body. Its contour re- 
sembled that of an airfoil with flat lower surface. The scale of models 
4, 5, and 6 was one fifteenth. 


III. RESULTS OF THE DRAG TESTS 


The results of the drag tests are given in table 1. It will be noted 
that the drag coefficients for models 1 and 3 differ by only a few per- 
cent, although the sedans which they represent were built at times 
separated by an interval of 6 years. Model 4 representing a sedan 
built 6 years later than the one represented by model 3, and having 
a somewhat smoother outline, gave a coefficient about 25 percent less. 

The greatest reduction in air resistance was accomplished by elimi- 
nating the fenders and other projecting members which give rise to 
turbulent air flow and by fairing the top as in the case of model 5. 
The value of K found for this model was of the order of 70 percent 
less than the value of K for models 1 and 3. An additional slight 
decrease in the value of K was obtained by eliminating the windshield 
and fairing the whole body of the car so as to resemble a thick air- 
plane wing section (model 6). 


TABLE 1.—Values of K 








Test 
Model no. Description ae speed K 
rea | range 
Sq. ft. | M.p.h. 

Sane a RE EES AEE Oe” LE gC PORE OLY TN 1.77 13-60 | 0.0017 
Milbisiiinn «oxide OES SCRE ILLES LSE TLE TE AION IN 1, 87 13-60 . 0019 
Bates es ce NN a i na i i away . 393 14-70 . 0018 
_ SON eer a SEE ES TOOL SLO EME To SECRET TOT naman . 098 30-70 . 0014 
, aE Ra ee ONIN III sis er eet cca ecu eaesu . 098 30-70 . 0006 
Seer eT Re iia: os cera) stele so a cs a . 098 30-70 . 0005 
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IV. EFFECT OF SIDE WENDS*: 


The action of the aerodynamic forces on an automobile driven in a side 
wind differs materially from the action of the forces when it is driven 
through still air or against a head-on wind. In figure 3 the vector 
V, represents the relative velocity and direction of the air with respect 
to the car when the car is moving through still air or against a head-on 



































Ficure 3.—Diagrams illustrating the composition of wind and automobile velocities. 
Vw=wind velocity with respect to ground. 


V.a=automobile velocity in still air. 
a=angle of relative wind, 6=angle of natural wind; both are with respect to the longitudinal axis of the 


automobile. 

wind. The effect is assumed here to be the same when the automo- 
bile is stationary and the wind blows head-on against it.? Figure 
3 (b). with vector Vw represents the condition when a natural horizon- 
tal wind blows on the stationary automobile at an angle to its longi- 
tudinal axis. When these two winds occur simultaneously they give 
rise to the condition represented in figure 3 (c) in which the two vectors 
are replaced by the resultant, Vg. The graphical solution is obtained 
by drawing the vectors and completing the parallelogram as indicated 
in figure 3 (d). The solution may also be obtained arithmetically by 
means of the formulas: 





2 The only reason for a difference lies in the method of representing the aerodynamic effect of the motion 
of tho automobile over the road, the so-called ‘‘ground eflect.’’ The correct representation of this condi- 
tion ‘n the wind tunnel involves the use of a rather wide belt moving just beneath the wheels of the model 
and having the si and direction of the air stream. The difficulty of maintaining proper adjustment 
the belt for high lineal speeds where clearances are small is apparent, and accordingly this method of repre- 
senting the ground effect has not been used in wind tunnel tests. 
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Vr= VV4?+ Vy? +2V4.Vw cos B (1) 

and 
. __Vwsin 8 9 
sin a= (2) 


In testing the models in the wind tunnel it was convenient to 
represent the relative wind vector, Vz, by the air stream vector. 
In the tests the model was turned through various angles and the 
deflections along the airstream and at right angles were measured. 
The corresponding forces (fig. 4 (a@)), the drag, D, and cross wind 
force, CW, were computed from the deflections. 

In reality the direction of motion of the automobile is along its 
longitudinal axis X—X’ (fig. 4 (@)) inclined to both D and CW and it is 
therefore necessary to determine the force which acts along X—X’, 








Tunnel Air Stream 


(b) 


Ficurge 4.—Diagrams illustrating the resolution of drag and cross wind forces on the 
longitudinal and lateral axes of the automobile. 
D=drag force. CW=cross wind force. 


tending to retard the car directly (the longitudinal force) and the 
force acting at right angles to X-X’, tending to thrust it across the 
road (the lateral force). The resolution of on X-X’ produces a 
part of the longitudinal force, the resolution of D on X-—X’, the 
Temainder. Likewise the resolution of CW on Y—Y’ produces a part 
of the lateral force and a resolution of D on Y-Y’ produces the re- 
mainder (fig. 4 (b)). The direction of the natural wind must be con- 
sidered in determining the signs of its force components. If the wind 
is}irom the forward quarter as indicated in figure 3 (b), then 


Longitudinal force= D cos a— CW sin a 
Lateral force= D sin a+ CW cos a 


and 


205—33—9 
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V. RESULTS OF THE LONGITUDINAL AND LATERAL FORCE 
TESTS 


Table 2 gives the longitudinal and lateral force coefficients corre- 
sponding to a range of angles of the relative wind (or yaw) of 0° to 
180° for models 1 and 2 and 0° to 18° for model 3. The ratios of the 
longitudinal and lateral forces to the drag of the models at zero yaw 
are also given. It will be noted that the longitudinal force is not 
zero when the relative wind is at right angles to the axes of models 1 
and 2, presumably due to the curvature of the bodies. The maximum 
ratio of lateral force to drag at zero yaw observed in the tests was 
3.5 and occurred when the no. 1 sedan model was placed at right 
angles to the relative wind. 

As an illustration of the magnitudes of the lateral and longitu- 
dinal forces, assume that the sedan represented by model 3 is moving 
at a speed of 50 miles per hour with a natural wind of 20 m.p.h. blow- 
ing against it at an angle of 20°, a not uncommon condition. 

The composition of the vectors is accomplished by the use of 


formula (1) thus: 





Ve = 50? + 20°+ (2 X50 X 20 X 0.94) =69.0 m.p.h. 


and 


sin a= 20%034 6,099; 5.79 


The relative wind, therefore, acts at an angle of 5.7° to the axis of 
the model with a velocity of 69.0 m.p.h. From table 2, the value for 
the longitudinal force coefficient for the model 3 sedan is 0.0018 
(when a=5.7°), which, assuming a maximum frontal area of 25 sq. 
ft., gives a longitudinal force of 0.0018 x 25 x 69?=214 lb. Likewise 
the lateral force is 0.0008 x 25 x 69?=95 lb. 

When the wind blows from the rear quarter its effect is partly to aid 
the progress of the car and partly to retard it indirectly by giving rise 
to a side thrust, which increases the tire resistance. The magnitudes of 
the forces can be determined by the preceding method. 

An empirical equation for the lateral force which approximately 
fits the data obtained using models 1 and 3, up to angles of the 


relative wind of 20° is: 


Lateral force = 0.075 X angle of relative wind (degrees) X drag for zero 
angle of relative wind at the resultant air speed (not car speed). 


Since a side wind increases the resultant air speed, the longitudinal 
force also is increased by a side wind. However, the longitudinal 
force coefficient varies but slightly from the drag coefficient at zero 
relative wind for this range of angles. 
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TaBLE 2.—Lateral and longitudinal force coefficients 
Longitudinal force=D cos a—CW sin a, lateral force= CW cos a+D sin a 
SEDAN (MODEL 1) K=0.0017 





Ratio 





: Ratio 
Angle ! Lon longi- 
gitudi- ; Lateral lateral 
(a) tin | BAL force | Force to | foree;+ | foree to 
rag a 
degrees) rp 0° yaw 
0 |2—0.0017 1.0 20.0 0.0 
45 —. 0014 .8 —. 0053 3.1 
90 —. 0009 5 —. 0059 3.5 
135 +. 0016 9 —. 0053 3.1 
180 +. 0017 1.0 0.0 0.0 





TOURING CAR (MODEL 2) K=0.0019 





0 |? —0. 0019 1.0 |? —0. 0002 0.1 
15 —. 0026 1.4 —. 0014 7 
30 —. 0029 1.5 —. 0029 1.5 
45 —. 0025 1.3 —. 0038 2.0 
90 —. 0009 5 —. 0049 2.6 
135 +. 0024 1.3 —. 0045 2.4 
180 +. 0018 1.0 —. 0004 2 





SEDAN (MODEL 3) K=0.0018 


























© | 2-0, 0018 1.00 0.0 0.0 
4 . 0018 1.00 2 —. 0006 .3 
8 . 0018 1.00 —. 0011 .6 
12 . 0018 1.00 —. 0016 9 
16 . 0018 1. 00 —. 0021 1.2 
18 . 0019 1. 06 —. 0023 1.3 
i1Same as angle of relative wind. 2? A minus sign indicates a retarding effect. 


VI. CONCLUSION 


The values for K given herein apply only to replicas of the models 
tested and no precise prediction can a made of the values for K to 
be applied to body shapes greatly different from the ones tested. 
However, the results of the drag tests illustrate the progress in auto- 
mobile streamlining during the past decade. From a comparison of 
the values obtained for K in the Bureau of Standards tests, table 1, 
it is evident that while the car body of the present day represents 
some progress there still remains room for improvement. The value 
of the resistance coefficient for the p.sent-day car (0.0014) is about 
80 percent of that for the 1928 model ana ° appears possible to reduce 
this by at least one half. To reach the loy.-r figure may, however, 
involve some radical changes in mechanical design. 

The effect of wind from the forward quarter, often felt as a sharp 
deceleration while driving, is not due entirely to the longitudinal com- 
ponent of the wind but in part to the lateral component which gives 
rise to tire deformation, and consequently, increased tire resistance. 

The problem of maintaining steering control when the automobile 
is driven in side winds of considerable velocities should be studied in 
detail. A knowledge of the magnitudes of the air moments acting 
about the center of gravity of the car in the horizontal plane is im- 

ortant in this connection as well as a knowledge of the lateral and 
ongitudinal forces. A complete investigation of the aerodynamic 
characteristics of the watonnebile body also involves the determination 
of lift, as well as drag, and the moment about the center of gravity 
in the vertical plane. These forces and moments are determinable 
by means of models in the wind tunnel and further work along the 
lines indicated above is desirable. 


WasuincTon, June 6, 1933. 
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A BASIS FOR THE COMPARISON OF X-RAYS GENERATED 
BY VOLTAGES OF DIFFERENT WAVE FORM 


By Lauriston S. Taylor, George Singer, and C. F. Stoneburner 





ABSTRACT 


Earlier studies of the relationship between the applied voltage and the emis- 
sion of general X radiation for various voltage wave forms (B.S.Jour. Research, 
vol. 9 {RP305), p. 769, 1932) have been extended to include generators not 
previously available. The X-ray output per effective (rms) milliampere of tube 
current is found for full wave and constant potential to be nearly the same at 
any given value of the effective (rms) voltage. For half-wave generators it is 
necessary to make allowance for suppressed half cycle which is useless in the 
production of X-rays, but which enters in the measurement of current or volt- 
age with an a.c. meter. Current and voltage measurements with half-wave 
rectifiers are corrected so as to apply only during the useful portion of the cycle 
by the application of a factor of ¥% and v2 to the corresponding values meas- 
ured over a whole cycle. The half-wave generator then yields results similar to 
the other generators. The X-ray quality, as expressed by a full absorption 
curve, is found to be the same for all wave forms having the same effective 
(rms) value, and regardless of peak values. It is thus possible to adequately 
express the quality of any radiation in terms of the effective voltage used 
to excite it. This in turn relates the quality directly to that produced by con- 
stant potential. Thus the difficulty in the use of a full absorption curve to 
express X-ray quality—namely, its inexpressibility as a single numerical mag- 
nitude—is overcome. All ae ot measurements made in terms of peak voltage 
and average current are found to be without real significance in quality deter- 
minations. 
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I. INTRODUCTION 


X radiation is necessarily and adequately specified physically by 
its intensity (quantity) and spectral distribution (quality, hardness). 

The intensity is defined as the quantity of energy flowing through 
unit cross section of the beam in unit time. The spectral distribu- 
tion is defined as the fractional part of the intensity comprised within 
a uniform narrow wave length (or frequency) interval throughout 
the X-ray spectrum. 

Intensity is ideally measured in ergs per square centimeter per 
second. A practice, however, intensity is commonly expressed in 
roentgens per unit time, which are proportional to the electrical con- 
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ductivity which the X-ray beam imparts to a cubic centimeter of air. 
This conductivity is, for any given wave length or any given spectral 
distribution, very closely proportional to the intensity.' Since, how- 
ever, the factor of proportionality varies with the wave length, the 
ionization chamber indications do not serve to give the relative inten- 
sities of different spectral distributions. The conductivity imparted 
to air by radiations having different spectral distribution is, probably, 
a better measure than intensity of their relative therapeutic value; 
hence, the conductivity of air, expressed in roentgens per unit time, 
has been internationally adopted as the physical unit of measure of 
an X-ray dose. But, even in dosage, it is important to realize that 
the same number of roentgens represents the same dose only when 
the spectral distribution of the radiations is the same. 

The spectral distribution of intensity is represented by a curve, 
throughout the spectrum, plotted as a function of the wave length or 
the frequency. Its direct determination is cumbersome and subject 
to considerable error. In practice, it is inferred as quality (or ‘‘hard- 
ness’’) from the thickness of an absorber, say copper, required to 
reduce the number of roentgens in the radiation to one half. This 
thickness is called the half value layer.2 More complete information 
of the spectral distribution is inferred from the complete absorption 
curve,’ obtained with a series of thicknesses of the absorbing mate- 
rial.4°® In fact Silberstein,’ has shown that the complete spectral 
distribution curve neglecting characteristic lines is obtainable from 
an exact absorption curve. 

It is well known that the half value layer falls short of satisfactorily 
expressing the quality of the radiation; and the complete absorption 
curve, though adequate, lacks the very desirable simplicity of fev 
7 sage as a numerical magnitude. The experimental results pub- 
lished in previous papers **° and those to be presented here show, 
however, that the radiation emitted by a given tube supplied by a 
generator of any voltage wave form has a quality (full absorption 
curve) nearly identical with that which could be obtained with some 
constant potential generator operating at a particular voltage. Fur- 
ther it is found that, with different generators operating to give the 
same quality, the intensity is more nearly proportional to the effec- 
tive tube current than to the average tube current. 

An X-ray tube, on a given constant voltage, emits a radiation of 
definite spectral distribution which is independent of the tube current; 
as the current increases the radiation increases alike for all wave 
lengths. The ionization chamber measures the number of roentgens 
per unit time which, in this case, are proportional to the intensity. 
As the applied voltage is increased, a larger fraction of the intensity 
of the X-ray beam falls in the higher frequency (shorter wave length) 
intervals. The intensity has increased more than the number of 
roentgens per unit time as measured by the ionization chamber; and 
the number of roentgens measured has increased more than the 





1 Deviation from this proportionality occurs only for X-ray beams of such great intensity that columnar 
ionization takes place. This is seldom encountered in practice. 

2L. 8. Taylor, B.S.Jour. Research, vol. 5 (RP212), p. 517, 1930. 

2 This is commonly given by plotting the logarithm of the percent transmitted, as indicated by the 
ionization chamber. opaingt the thickness of the absorbing medium. 

4B. A. Pohle and C. 8. Wright, Radiology, vol. 14, p. 17, 1930. 

5L. 8. Taylor, Radiology, vol. 16, p. 302, 1931. 
R. B. Wilsey, Radiology, vol. 17, p. 700, 1931. 
L. Silberstein, Phil. Mag, ser. 7, vol. 15, p. 375, 1933. 
L. 8. Taylor and K. L. Tucker, B.8.Jour. Research, vol. 9 (RP475), p. 333, 1932. 
L. 8. Taylor, G. Singer, and C: F. Stoneburner, B.8.Jour. Research, vol. 9 (RP491), p. 561, 1982. 
10 L., 8. Taylor, Strahlentherapie (in press). 
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dosage value of the radiation. Similarly, when a pulsating voltage 
wave form is used to excite the tube, the quality of the radiation 
fluctuates during the cycle from the softer initial value to the harder 
crest value during the wave period, and adds up to some average spec- 
tral distribution which the operator seeks to characterize in some 
definite and simple way. Experiment shows this composite spectral 
distribution for the common types of X-ray generator to be equiva- 
lent to that produced by the particular constant potential, which pro- 
duces a radiation having also the same absorption curve. Comparing 
mechanical rectifiers (full wave) with a constant potential excitation, 
150 kv constant potential caused a radiation having the same absorp- 
tion curve as produced by 190 kv (peak) and by 200 kv (peak) respec- 
tively, on two mechanical rectifiers; and this similarity extended over 
widely different values of the peak voltages. It was also found that 
these two mechanical rectifiers were, in fact, operating at 150 kv 
effective (rms).!! Furthermore, for any other given value of the effec- 
tive voltage the absorption curves for all three generators were found 
closely alike for filtrations up to 1.2 mm of copper. 

In addition, for the same effective voltage, the intensity of the radia- 
tion, as measured by air ionization, per effective milliampere of tube 
current, was practically the same for the different types of generator, 
even when the load distorted the voltage wave form. Having estab- 
lished by the resultant absorption curve that the quality of the radia- 
tion from different types of generator is the same when the effective 
voltage is the same, it is sufficient, for comparing heterogeneous X-ray 
beams or X-ray generators, to measure the radiation intensity at one 
filtration only and at different effective voltages. That is, two gen- 
erators yielding the same output per milliampere, at a given filtration 
and given effective voltage, will function closely alike at other effec- 
tive voltages and filtrations. This was found to hold with the types of 
generators used, for filtrations ranging from 0.1 to 1.2 mmcopper. It 
should be added that, for the same effective voltage, the output per 
effective milliampere of the tube is alike not only as regards air ioniza- 
tion and absorption curve, but also was found alike as regards per- 
centage depth intensity in media of low atomic number. 

The need felt for specifying the quality of the radiation by a single 
magnitude is thus satisfied by stating the constant voltage which will 
produce it; and, in addition, the intensity of the radiation having that 
quality is given as more nearly proportional to the effective than to the 
average tube current. In fact, it was found that the output per aver- 
age milliampere varied with peak voltage to such an extent as to be 
without deal dlerhificance in most cases. This fact is undoubtedly re- 
sponsible in a large measure for the very great discrepancies between 
comparisons of X-ray tubes and generators by various observers, 
many of whom have been prone to compare generators or tubes under 
widely different load conditions, then correcting the various outputs 
on the assumption that there is a linear relationship between X-ray 
output and average tube current. For the usual X-ray transformer 
having characteristically large electrical regulation, this assumption 
is far from correct. 

Another common error has been introduced by improper control of 
such factors as the capacitance of the aerial system, diaphragming of 
the X-ray beam, and the type of tube enclosure. Tests made in con- 





4 See footnote 9, p. 294. 
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nection with this and past studies “ have shown that a variation of 
any one of these factors influences the final result and it is thus essen- 
tial that all such factors remain constant throughout any adequate 
comparison of X-ray tubes or generators. 

As a continuation of the sandy outlined in the foregoing paragraphs, 
the main objects of the present paper are: 

1. To compare the radiation from a single X-ray tube operated on 
several types of voltage wave form; 

2. To compare the effects of different criteria of control of applied 
voltage and tube current; 

3. To show how various radiations may be equated to constant 
potential radiation. 


II. EXPERIMENTAL PROCEDURE 


The following types of high voltage X-ray generator were employed: 
A double disk mechanical rectifier, B, having a divided high tension 
transformer (two transformers in a single tank) and rectifying over 
approximately 20° of the half cycle; a commercial “constant potential” 
generator, C, having a ripplage “ of about 2 percent per milliampere; 
a ‘‘constant potential’ generator, F, (B.S. standard) having a ripplage 
of about 0.2 percent per miiliampere; a half-wave kenotron rectifier, 
D, using the same two-pole high tension transformer previously used 
for generator, A; a full-wave kenotron rectifier, E; and a half-wave 
kenotron rectifier, G; using the same high tension transformer as 
generator, E. 

A single type of thin walled cerium glass Coolidge tube was used 
throughout this study. 

All generators were so arranged that they could be connected to 
the same aerial system leading to the X-ray tube (fig. 1). An inter- 
change of generators could be accomplished in a minute’s time 
so as to eliminate any short-time change that might occur in the 
tube. Numerous check runs made at intervals over several months 
showed no change in the X-ray tube used. An air blast from a high 

ressure blower was directed against the tube walls for cooling. 

alf-megohm resistors were used in series at all times in each side of 
the high-tension line for suppressing any surges or high-frequency 
oscillations. 

Average and effective (rms) tube currents were measured in the 
manner previously described.“ For the effective current measure- 
ments a thermo-millammeter B was used. To protect the heating 
element from damage due to surges it was connected into the circuit 
through % ampere Littel fuses. In addition, the meter and fuses 
were short-circuited when not actually being read. 

12 See footnote 8, p. 294. 

18 The letter designation of generators A, B, and C correspond to those used in earlier publications in- 
volving the same a under the same condition of aerial, tube enclosure, etc. Hence the 
given here are for the most part directly comparable with those given in the pene cited earlier. 

14 Up to the present the term “‘constant potential’ has been used in describing the potential supplied 
by kenotron or other valve tube rectification in which there is, of course, a slight ripple. A more 


designation of voltages not actually constant but fluctuating about some mean value is “ripple voltage.” 
Thus by a “ripple quantity” (potential or current) is meant a periodic quantity 


y= Vet Vi sin (wr+on)+ V2 sin (2er+-a2)+——— 


in which the constant term Vo is so large that all values of the quantity are positive (or negative), The 
amount of ripple (“‘ripplage” or “ripplance’’) in a ripple quantity is the ratio to the average value of the 
difference between the maximum and minimum values of the quantity. 

15 See footnote 9, p. 294. 
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Average and effective (rms) tube voltages were measured, respec- 
tively, with D.C. and A.C. voltmeters used in conjunction with a 
150-megohm noninductive shielded resistor R * placed across the high- 
tension leads to the tube. The meters were connected in the center 
of the resistance so as to be near ground potential. This voltage 
measunng unit never drew more than 1 ma from the circuit and 
hence had no undesirable effect on the operation of the generators. 

The tube output was measured in roentgens per minute by means 
of a calibrated thimble ionization chamber kept in a fixed position 
with respect to the filters and tube. The distance from the center of 
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Ficure 1.—Diagram of apparatus showing voltage and current measuring 
equipment. 





the chamber to the center of the focal spot was 50 cm, and at 15 cm 
from the chamber were placed the limiting aperture and a permanent 
filter (except during the determination of absorption curves) of 
0.557 mm of copper, plus 1 mm of aluminum ” on the side next to 
the chamber. Earlier tests showed that secondary radiation from the 
filter at this distance had no influence on the ionization measure- 
ments. The diameter of the beam at the chamber was 5.5 cm 
throughout. To show the effect of the cross sectional area of the beam 
Bes the measurements, it was found that when a beam diameter 
of 14.5 cm was used there was an increase in ionization of 9.0% 
for all voltages applied to the tube. This increase may be ascribed 
to the inclusion of stem radiation which had been cut off by the 
smaller aperture. In order that measurements made at different 





“L. 8. Taylor, B.S.Jour. Research, vol. 5 (RP217), p. 609, 1930. 
1 Compare with 0.535 mm Cu filtration used in our earlier papers. 
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times might be directly comparable. all ionization current readings 
were corrected to a normal atmospheric condition of 22° C. and 76 
em mercury pressure. 
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III. EXPERIMENTAL RESULTS 
1. OUTPUT PER AVERAGE MILLIAMPERE 


Outputs per unit tube current were usually determined from two 
operating currents, 4 and 6 ma, to bring out the differences produced 
by changes in the tube load. Similar measurements made for smaller 
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and larger tube currents show that the order of magnitude of the 
change in output per average milliampere with tube current is about 
the same at ail currents up to 10 ma. 

Figure 2 shows, for the two constant potential generators C (dots) 
and F (circles), the output per average milliampere as a function of 
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the peak voltage. The ripplage of these generators was about 10 
and 1 percent, respectively, at the tube currents used. It will be 
noted, however, that the points for the two generators fall very 
closely along the same curve. This bears out previous findings that, 
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for the type of measurement encountered in therapeutic X-ray work, 
the difference in X-ray output between 1 and 10 percent ripplage in 
constant potential generators is not greater than 1 or 2 percent and is 
consequently of no significance. 

The average and effective tube currents in figure 2 were almost 
identical, as, of course, they should be. The peak voltages measured 
with a sphere gap were higher than the effective or average voltages 
by about the expected amount. This accounts for the 10 percent 
ripplage in generator C as against 1 percent in F. For closest 
agreement between the two generators F and C, effective rather than 
peak voltages should, of course, be used, although the difference is 
seen to be small enough to be neglected for many purposes. 

The output per average milliampere for the mechanical rectifier 
B is given by the curves in figure 3 as a function of the peak voltage. 
Similar curves for the half-wage generator D are given by curves 
in figure 4; and for the full-wave, E, and half-wave, G, generator 
by curves in figure 5. Curve C on each plot is for constant poten- 
tial. The straight dashed line is the same on all curves and is purely 
for reference to assist in comparing curves between different groups, 

The first fact of significance is the same as reported in similar 
earlier studies,” namely, the very great difference between the out- 
put per average milliampere for constant potential as compared with 
all other wave forms. 

For generators B, D, E, and G the outputs per average milliampere 
are grouped within a comparatively narrow region. However, as 
the voltage increases the divergences between the several generators 
seem to be increasing, as well as the divergences between the outputs 
of the same generator under different loads. In fact, at 200 ky 
(peak) there is, based upon this type of comparison, an output spread 
of about 25 percent between the several generators. 

The variations between generators are in part due to differences 
in electrical regulation of the main transformer. Hence, to compare 
the half-wave and full-wave generators, the same transformer should 
be used. This was done with generator E, for which the output 
curves are given in figure 5. The results, which have been thoroughly 
checked, are not consistent with respect to load conditions. At 4 
ma (average) tube current there is an increasing divergence between 
the half- and full-wave generators, beginning at 1 percent at 130 kv 
(peak) and reaching 17 percent at 190 kv (peak). At 6 ma there is 
a decreasing divergence in going to higher voltages, changing from 
17 percent at 130 kv (peak) to 1 percent at 190 kv (peak). The 
impossibility of accurately comparing X-ray generator outputs on the 
basis of average tube currents and peak voltages is confirmed. 

There is thus no obvious relationship between the X-ray outputs 
even when operated on the same transformer and accordingly in 
comparisons it is not strictly necessary to use identical transformers. 

The only generalization that can be made from these data is that, 
if the tube currents are not varied over a range greater than +2 
milliampere (average), the outputs of the various generator types will 
be the same within +15 percent. It is moreover found that the 
output per average milliampere depends upon the particular tube 
current to such a degree as to render meaningless all comparisons 
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17 See footnote 8, p. 294. 
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between tubes and generators unless carried out at the same average 
current. 

Many observers have been prone to compare generators or tubes 
under widely different load conditions, correcting the various outputs 
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on the assumption that there is a linear relationship between X-ray 
output and average tube current. For the usual X-ray transformer, 
having characteristically poor electrical regulation, this assumption 
isfar from correct. For example, it is not permissible to assume that, 
if the outputs of two generators at a given peak voltage differ by 20 
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percent, the difference can be made up by increasing the tube current 
of one by 20 percent, keeping the same peak voltage. 

The observed difference in output per average milliampere between 
the half- and full-wave generator should ideally be nil, since to obtain 
the same average tube current with a half-wave generator as for a 
full-wave generator, over a number of cycles, the current during a 
single half-eycle need only be doubled throughout. However, in 
precios, a marked difference is observed sigan because of the 
arge electrical regulation of the transformers. For, with the neces- 
sarily larger instantaneous values of the tube current in the half-wave 
generator, the resultant voltage wave form becomes so distorted as to 
produce a marked influence upon the X-ray output. Furthermore, 
some X-ray tubes are purposely constructed, by such a disposition 
of the focussing shield, as to limit the space charge effect, and so to 

ass only a narrow current wave. With such a tube the difference 
etween a full- and half-wave generator is more marked. 
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2. OUTPUT PER EFFECTIVE MILLIAMPERE 


Effective (rms) tube currents and voltages were obtained at the 
same time as the data just presented, hence, are entirely comparable 
therewith. Values of the X-ray output per effective millian:pere, 
as a function of the applied effective voltage, are plotted in figure 6 
for generators B,C, and E. The broken line curve, (C, is for constant 
potential. It is seen that, as with the earlier reports, the curves for 
the full-wave generator E follow very closely along the curve for 
constant potential while those for the mechanical rectifier B approach 
the constant potential curve at higher voltages. At 150 kv (effective) 
the total spread of the output per effective milliampere for all three 
generators is less than 10 percent; while, for either B or E alone, 
with constant potential, it is less than 4 percent. 

It is thus indicated that the output per effective milliampere at the 
higher voltages is approximately the same for full-wave generators 
and constant potential. The previous studies show that the X-ray 
quality for given effective voltages would likewise be the same. 

Measurements of the effective (rms) voltage in half-wave generators 
have little significance except under ideal conditions which seldom 
exist in X-ray circuits. This is because the effective voltage meter 
gives a root-mean-square value over a whole cycle while only half the 
cycle is effective in the production of X-rays—the other half being 
suppressed by the rectifier. If it were possible to measure the 
effective (rms) voltage during only the useful half-cycle, then the 
results would undoubtedly be directly comparable with those for a 
full-wave rectifier. 

For a full-wave rectifier the effective voltage E (r.m.s.) is given by 


—— 
E,, {v-m.s.) = Beaty] | sin *wtdt 
24 (1) 


ses \? E(peak) = 0.71 E(peak) 
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For a pure sine wave this may be divided into two parts 








. Qn 
EF, ,{v-m.s.) = E(peak) mT i! sin *wtdt + . sin *wtdt (2) 
2r 


If, however, we consider one half of the wave to be suppressed, and 
therefore useless, we have for a half-wave sine generator 


Ey, (t-m.8.) = V2 7 (r.m.s.) =0.714,,,(t.m.s.) 3) 
= 0.5E (peak) 


We may apply this result to the ideal case of a half-sine wave and 
full-sine wave voltage of the same peak value. It would be observed 
that the rms voltage read over the full cycle on the half-wave genera- 
tor if multiplied by -/2 will be the same as the r.m.s. voltage read on 
the full-wave generator. 

The voltage wave form, however, in the usual X-ray generator is 
not a pure sine wave (sec. 4) because of the poor electrical regulation 
of the transformer and the reaction of the X-ray tube. Analysis of 
the actual wave form by Fourier series would show each useful half 
wave to correspond to a wave form having a predominant third 
harmonic and less important harmonics of higher order. We have 
then a complex wave form for which the r.m.s. voltage is no longer 
given by equation (2) but rather by the following: 





. *2r 2 
Ey.(r.m.s.) = ev J, [2 E, sin (but +> 0,)|dt + | [z E, sin (but + 6,)|dt (4) 


Solution of this equation for one half wave only, shows that equation 
(3) relating the r.m.s. value during a half cycle to the r.m.s. value over 
a full cycle is valid only when there are no strong even harmonics 
present. Since, as pointed out, the wave form is composed predomi- 
nantly of the first and third harmonics, we can, to a first approxima- 
tion, obtain a measure of the effective voltage during the useful part 
of the cycle by multiplying the measured value by 2. This type 
of correction is of course unnecessary for any phenomena utilizing 
the full cycle of the voltage wave, which includes all other common 
X-ray generators. 

By a similar procedure, we should also correct the effective (r.m.s.) 
tube current readings to apply only during the useful half of the cycle. 
oe the same assumptions for the current wave form as were 
made for the voltage wave form, it is found that the r.m.s. current 
values over a full cycle as read on the meter should be reduced by a 
factor of -/4 which is equivalent to increasing the output per effective 
milliampere during the useful half cycle by the factor -/2. 

Outputs per efiective milliampere, during the useful part of the 
cycle, obtained for the two half-wave generators D and G, are plotted 
in figure 7 after the measured tube currents, and voltages were thus 
corrected by the factors /% and -/2, respectively. The broken line 
curve is for the same tube on constant potential. While the agree- 
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ment between the three generators is not as close as in the case of the 
full-wave generators, the spread of the outputs, at a given voltage, 
is not nearly so large as in the case of equal peak voltages (figs. 4 
and 5). As shown below, the quality of these radiations at any given 
effective voltage is very nearly the same, thus bearing out our earlier 
findings on other generators. 
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3. QUALITY AS RELATED TO VOLTAGE MEASUREMENTS 


Ordinarily it has been assumed that at a given peak voltage, cop- 
per absorption curves obtained under different tube currents will be 
the same. This is based upon the further assumption that the out- 

ut per average milliampere of a tube does not vary with the load. 
We have just shown, in the case of all but constant potential gener- 
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Fiagure 8.—Copper absorption curves showing the relationship between the X-ray 
quality and the effective voltage as the tube load is changed. 


ators, that this assumption does not hold for changes in tube current 
even as small as 2 ma. On the other hand, it has been shown 
that at any tube current the quality of the X-ray beam is the same 
at a given effective (rms) voltage.” 

The curves in figure 8 show a very sensitive test of the relationship 
of quality to voltage. These were made with the full-wave gener- 
ator E, since in this case variations in tube current had the least 
effect on the output per milliampere. Curves 1 (dots) and 2 (crosses) 
were obtained, respectively, with the same effective voltage (140.5) 
but with peak voltages of 159 and 164 kv the peak voltage change 
being caused by a change in tube current of 2 to 4 ma, respectively. 
Curves 2 and 3 (circles) were for the same peak voltage (164 kv) but 
with respective effective voltages of 140.5 and 148 kv, and respective 
tube currents of 4 and 2 ma. From these we see that (a) so long as 
the effective voltage is maintained constant, the absorption curves. 
(hence X-ray quality) are the same (curves 1 and 2); (b) a change 
in tube current of 2 ma, with the same peak voltage, causes an 
appreciable change of quality (curves 2 and 3). 





18 See footnote 9, p. 294. 
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Similar results were obtained using the half-wave generator D, 
after making correction as in section (b) for the suppressed half of 
the cycle which is ineffective in X-ray production. Curve 4 (squares) 
was obtained with the generator (D) operated at 99.7 kv (effective, 
measured) or 140.5 kv (effective, corrected) showing a very close 
agreement between the qualities obtained with it and the full-wave 
generator (EK). 

Finally, figure 9 gives the copper absorption curves for generators 
F, B, and D at approximately the same effective voltage but at 
widely different peak voltages, and shows the close relationship be- 
tween the effective voltage and quality. The operating conditions 
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FiacurE 9.—Copper absorption curves for three generators of different type, operated 
at approximately the same effective voltage. 


Generator F, 151.7 kv (effective), 153 kv (peak). 
Generator B, 153 kv (effective), 192 kv (peak). 
Generator D, 154 kv (effective), 180 kv (peak). 


are given in the legend. These curves show the qualities of the 
radiations to be the same; in section (b) it was found that the out- 
puts per effective milliampere were practically the same, so it may 
be concluded that the radiations are essentially alike. 


4. CHANGES IN VOLTAGE WAVE FORM 


Changes in the voltage wave form, brought about largely by poor 
electrical regulation of the transformer, appear to be the principal 
cause of the irregularity reported above. Information regarding the 
wave shape of the voltage applied to the tube may be obtained from 
the measurements veal recorded, so that oscillographic examina- 
tion of the wave form, which is laborious under such varied condi- 
tions, need not be resorted to. 

The general wave form may be inferred from the relationship 
between the effective (rms) and peak voltage. These are given in 
figure 10 for the half-wave generator (D) and in figure 11 for the half- 
wave (G) and full-wave (E) — employing the same trans- 


former.” The heavy straight line on each plot is for the case of a 


——_—_—_—_— 
" Similar curves for generator B are given in figure 7(B) of B.S. Research Paper No. 491. 
205—33——10 











306 Bureau of Standards Journal of Research [Vot. 11 


pure sine wave where kv (peak) = /2 kv (effective). It is evident that, 
where the curve for a particular generator and tube current lies below 
the line for a sine wave, a relatively broad flat-topped voltage wave 
form is indicated which approaches constant potential as the limit. 
Where the curve lies above the line kv (peak) =-/2 kv (effective), a 
relatively narrow or peaked voltage wave form is indicated. 

Thus we find that if the tube current at a given peak voltage is 
increased, there is a marked decrease in the effective voltage, indicat- 
ing a narrowing of the voltage wave form and causing a corresponding 
change in quality (a change corresponding to a lower constant poten- 
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Figure 10.—Relationship between effective and peak voltage per half cycle for a 
half-wave rectifier 
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tial). The effect on a given transformer in passing from full-wave to 
half-wave rectification is indicated by the curves in figure 11. Fora 
given average tube current of 4 ma and the same peak voltage, an 
increase in the effective voltage in going from full- to half-wave is 
found. This indicates a broadening of the wave form and an increase 
in the hardness of the radiation; which is to be expected, since the 
half-wave generator draws a larger maximum tube current during the 
cycle and flattens out the wave. 

These curves likewise show to what extent we may rely upon the 
assumption involved in equation (3) and used in arriving at the 
effective voltage in the case of half-wave generators. For example, it 
is found in figure 11 that the 6 ma curve for generator G approaches 
nearer a sine wave value than the 4 ma curve; hence should yield 
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more nearly the normal output per milliampere at that effective 
voltage. This is found to be the case for the same 6 ma curve in 
figure 7. 


IV. CONCLUSION 


The experimental results presented in this paper corroborate in 
detail and further extend our earlier findings regarding the relation- 
ships between X-ray tube output and the applied voltage and current 
supplied by different types of high-voltage generator, in the following 
essentials: 

1. For a given effective (rms) tube voltage, the X-ray outputs per 
effective milliampere of tube current for all X-ray generators are 
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Ficgure 11.—Relationship between effective and peak voltage per half cycle for a 
half-wave and full-wave valve tube rectifier, using the same transformer. 


much more nearly the same than for any other type of voltage and 
current measurement. The variation of output per effective milli- 
ampere with tube current is small; hence results obtained at one tube 
current are comparable with results obtained at some other tube 
current. 

2. X-ray qualities at a given effective voltage are nearly the same 
for all generators. This means, in effect, that the output and quality 
of any generator may be reduced to terms of an equivalent output and 
ocmesd obtained with constant potential which, in itself, is perfectly 

elinite. 
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3. Ripplage in constant potential generators of 1 to 10 percent 
causes no appreciable differences as far as concerns the usual quality 
and quantity measurements. 

4. Effective (rms) current and voltage measurements on a half- 
wave generator must be suitably corrected for the useless half cycle 
when using the customary types of rms reading meters. 

5. In the comparison of half-wave and full-wave generators with 
constant potential at given peak voltages and tube currents, there is 
no simple relationship between the X-ray output or quality. 

6. The specification of X-ray output in terms of average tube cur- 
rent and peak voltage is indefinite because of voltage wave form dis- 
tortion with change in load. 

This investigation has been made possible through the cordial 
cooperation of the American X-ray equipment manufacturers, to 
whom we express our appreciation. 


WasHINeTON, May 1, 1933. 
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